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This research explores the utilisation of softwood Kraft lignin as an alternative 
precursor for the production of fibrous preforms for the subsequent production of 
carbonised fibres.  Currently, only 1-2% of lignin is used for low valued-added 
applications and the rest is burned as a fuel for energy generation. Electro-spinning 
was used to transform lignin solutions into fibrous preforms. Acetone-soluble softwood 
Kraft lignin was electro-spun successfully using a non-toxic binary solvent and without 
the use of polymer blends.  Prior to electro-spinning, the impurities from lignin were 
removed to aid electro-spinning and carbonisation. Initially, the as-received lignin was 
characterised, including determining the inorganic content, lignin content and the 
molecular weight distribution. The inorganic content in the as-received lignin was 1.195 
± 0.021% and the two major elements present in the ash were   sulphur and sodium.    
As-received lignin was purified using the following methods: (i) treatment with acidified 
water; and (ii) fractionation using acetone.  The experimental matrix for the treatment 
of lignin with acidified water was optimised using Taguchi analysis.  The inorganic 
content of as-received lignin was reduced to 0.354 ± 0.020% after treatment with 
acidified water.  Whereas the acetone-soluble lignin obtained from fractionation with 
acetone had an an ash content of 0.055 ± 0.021%.  Hence, due to the lower inorganic 
content in the acetone-soluble lignin fraction, it was used for fibre formation studies 
using electro-spinning.  
A novel approach for electro-spinning of acetone-soluble softwood Kraft lignin 
without polymer blending was carried out.  The acetone-soluble lignin was dissolved 
in a 2/1 (v/v) mixture of acetone and dimethyl sulfoxide.  Bead-free and electro-spun 
lignin fibres with a circular cross-section were produced when a concentration of the 
acetone-soluble lignin was 53 wt%.  The average fibre diameter was 1.16 ± 0.21 µm.  
Subsequent to electro-spinning, procedures for (i) removing the residual solvent, (ii) 
thermo-stabilisation and (iii) carbonisation were undertaken to enable the production 
of carbonised lignin fibres.  In each procedure, properties of the resultant fibres were 




lengths of axially-aligned carbonised fibres from 100% acetone-soluble lignin were 
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Carbon fibres are used extensively in applications where the overall weight of  the 
structure is important, for example in industrial sector such as aerospace [1], 
automotive [2], civil infrastructure [3,4], marine vehicles [5] and sports equipment [6].  
A summary of selected properties for three common classes of carbon fibres is 
presented in Table 1.1; the data for E-glass, S-glass and Kevlar fibres have also been 
included for comparison purposes.  It can be seen that carbon fibres have higher 
specific modulus and strength than the other type of fibre reinforcements.  
 
Table 1.1 Physical  and mechanical of carbon fibres and other selected reinforcing 











Carbon fibres (Toray T700s) 
/High strength carbon fibres (HS) 
1.8 127.8 2.7 
High modulus carbon fibres (HM) 1.8 217.1 1.3 
Ultra-high modulus carbon fibres (UHM) 2.2 336.7 1.0 
S-glass fibres 2.5 34.9 1.8 
E-glass fibres 2.6 27.9 1.3 
Kevlar fibres (Kevlar 29) 1.4 40.3 2.5 
 
The production capacity of carbon fibres globally was 104,000 tonnes in 2018 [10], 
which was contributed by three leading manufacturers: Toray & Zoltek, SGL and Toho, 
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are comprised nearly 70% of the overall carbon fibre market [11].  The global demand 
for carbon fibres is estimated to reach 117-120,000 tonnes by 2022 [12].  One of the 
key driving forces stimulating the demand for carbon fibres is the need to reduce the 
fuel consumption of transportation-based application.  The development and use of 
lightweight carbon fibre-reinforced composites is perceived as a promising way to 
achieve this target [13,14]. 
96% of the carbon fibres are produced from polyacrylonitrile (PAN), a petroleum-
based polymer, and for example, it cost around £42 per kilogram (5,000 metres of 
Torayca 12K, T700SC) [15]; however the cost of carbon fibres depends on their grade.  
The cost of carbon fibres is dominated by the cost of the PAN-precursor which 
contributes up to 50% of the total cost [16].  Moreover, during carbonisation, PAN 
generates toxic gases such as hydrogen cyanide (HCN), nitric oxide (NO) and nitrous 
oxide (N2O) [7,17].  Therefore, low-cost and bio-renewable materials have been 
studied extensively in the search for a sustainable alternative precursor [18,19]. 
Lignin is an aromatic polymer and it is the second most abundant renewable 
biomaterial on Earth, after cellulose [20].  An estimated 300 billion tonnes of lignin is 
available in the biosphere and it increases annually by 20 billion tonnes [21] in the form 
of wood.  Annually, about 141 million tonnes of lignin is generated globally from two 
major segments: the pulping and biorefinery industries (see Table 1.2).  About 81 
million tonnes of lignin is generated annually as a co-product from the paper and 
pulping-industries [22]. 
With reference to the available volume of lignin compiled in Table 1.2,                
78,000 thousand tonnes of lignin is available from Kraft pulping, which contributes 
nearly 96% of the overall lignin from the Kraft pulping industry.  However, only about 
75,000 tonnes of Kraft lignin is extracted and used for commercial applications, such 
as an additive for concrete [23], adhesives [24] and dyestuff dispersants [25].  It is said 
that less than 1% of the lignin is used as a value-added material, whereas the rest is 
burnt off for power generation [26]. 
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Table 1.2 Volume of available lignin and the extracted lignin volume in 2015 [27]. 




Lignosulfonate 1,100 3,000 
Kraft lignin 75 78,000 
Soda lignin 5 20 
Biorefinery 3 60,000 
Total 141,020 
 
It has been reported that the properties of lignin are highly variable and this is 
caused by a number of factor, including its biomass source [28], geographic origin [29], 
growing condition, extraction method [30,31] and purification method used [32–34].  
Therefore, this variability in the properties has to be addressed if commercially relevant 
products are to be manufactured, to the required quality and performance, on                          
a repeatable basis. 
The abundance of sustainable and low-cost Kraft lignin along with its aromatic 
composition makes it a leading candidate as an alternative precursor with great 
potential for the production of carbonised fibres.  In this thesis, softwood Kraft lignin 
(BioChoice lignin) was selected and used as the main raw material for the formation 
of lignin fibre preforms. However, in literature, which is discussed in Chapter 2, it is 
reported that the softwood Kraft lignin could only be spun with chemical treatment 
and/or polymer blending. However, when lignin is blended with polymers to aid 
processing, it is known to cause the formation of defects and voids in the resultant 
carbonised fibres [35–37]. Therefore, there is a significant need to develop new 
methods to spin a sustainable material such as softwood Kraft lignin, with a view to 
producing carbon fibres in the future.  
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In this thesis, characterisation of the as-received softwood Kraft lignin is addressed 
and it is used as a reference point for the subsequent treatments.  Two methods were 
used for treating as-received lignin: (i) treatment with acidified water; and (ii) molecular 
weight fractionation using acetone.  These treatment methods were used to reduce the 
inorganic content in as-received lignin. DMSO and lignin were selected as the 
secondary solvent and precursor respectively in order to consider the green and 
sustainability requirement for fibre formation.  Acetone was selected as the primary 
solvent because of the high boiling point of DMSO and a volatile solvent was required 
to enable fibre formation during electro-spinning.  A mixture of DSMO and acetone was 
identified and optimised for electro-spinning lignin, and the key processing conditions 
for producing lignin fibre preforms is reported. It was necessary for the electro-spun 
lignin fibres to maintain their circular cross-section, without fusing, during thermo-




2. LITERATURE REVIEW AND RESEARCH GAPS 
 
2.1 Carbon Fibres 
 
2.1.1 An Overview of Carbon Fibres 
 
Carbon fibres by definition must constitute at least 92 wt% of carbon [2] whilst those 
made up to 99 wt% are called graphite fibres [38].  Carbon fibres can be crystalline, 
amorphous or semi-crystalline.  Crystalline carbon contains a graphitic crystal structure 
consisting of six carbon atoms arranged in a two-dimensional hexagonal ring in            
the x-y plane, as illustrated in Figure 2.1 (a).  The distance between one carbon atom 
and the other three nearest neighbours is 0.142 nm.  In the plane (Figure 2.1 (b)), each 
carbon atom is bonded to three others via sigma ()-bonds which represent the overlap 
of sp2 hybrid orbitals.  The unpaired hybridised pz orbitals overlap to form pi ()-bonds.  
These -bonds are presented above and below the -bonded ring and the electrons 
are said to be delocalised (Figure 2.1 (b)).  This delocalisation of the  electrons leads 
to good electrical and thermal conductivity in the x-y plane.  Figure 2.1(a) shows that 
the stacking of the hexagonal graphitic layers corresponds to an ABA-packing 
sequence.  The distance between the A and B layers is 0.335 nm.  The bonding 
between the graphitic layers is weak van der Waals bonding.  Due to the difference 
between the in-plane and out-of-plane bond strength, the in-plane bond strength is 
more than that of the out-of-plane and hence the higher modulus in a direction parallel 




Figure 2.1 (a) Schematic illustration of the ABA packing sequence of the hexagonal  
graphitic crystal structure and (b) sp2 hybridisation showing the sigma and pi-bonds 
[2,39].  
 
The three main precursors used for the production of carbon fibres are rayon, pitch 
and polyacrylonitrile (PAN).  Each precursor requires different processing techniques 
and conversion procedures for the production of carbon fibres, as shown in Figure 2.2. 
 
 






















Carbonisation and graphitisation 
PAN-based CFs Rayon-based CFs Mesophase pitch-based CFs
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Rayon-based carbon fibres are made from cellulose, consisting of D-glucose 
monomer units connected by 1-4 glycosidic linkages (see Figure 2.3) [9,19].  The 
viscose rayon precursor is extracted from cellulose pulping and wet-spun through 
spinnerets to form fibres.  The cellulose is dissolved and treated with carbon disulphide 
to form cellulose xanthate.  The xanthate is dissolved in sodium hydroxide prior to 
extrusion into a coagulation bath containing 10-15% sulphuric acid; then it is 
hydrolysed and solidified into cellulose filaments.  The filaments are air thermo-
stabilised at 400 C.  The stabilised fibres are carbonised between 900-2,000 C and 
graphited between 2,800-2,900 C in an inert atmosphere.  During graphitisation, the 
filaments are stretched to enhance the modulus of the carbon fibres [40]. 
 
 
Figure 2.3 Repeat unit chemical structure of cellulose with a 1-4 glycosidic linkage.  
 
Pitch is a tarry substance that is a solid or highly viscous liquid at room temperature 
and consists of aromatic hydrocarbons comprising three to eight aromatic rings, with 
an average molecular weight of 300-400 gmol-1 [2].  Pitch can be obtained from 
petroleum fraction, coal tar or by the pyrolysis of polyaromatic polymers [41].  Isotropic 
pitches from coal tar and petroleum pitch are promising precursor materials due to their 
low cost [17,42].  Heating isotropic pitch between 400-500 C leads to                                        
the condensation of the aromatic unit and it is transformed into a multi-ring structure 
with an anisotropic character, as presented in Figure 2.4.  The anisotropic pitch, or 





Figure 2.4 Typical structure of mesophase pitch for the production of carbon fibres 
[19]. 
 
The filaments from mesophase pitch are thermo-stabilised in air between                         
250-350 C; this step is known as infusibilisation [43].  Carbonisation is performed 
between 1,500-1,800 C.  Then, the carbonised fibres are graphitised at 3000 C in                              
an inert atmosphere and this leads to an enhancement of Young’s modulus [17]. 
 
2.1.2 Production of Carbon Fibres from Polyacrylonitrile 
 
Approximately 90-96% of high performance carbon fibres are derived from PAN-







Figure 2.5 Chemical structure of acrylonitrile monomer and PAN. 
 
A common manufacturing method for the production of carbon fibres from PAN co-
polymers is summarised in Figure 2.6.  Usually in co-polymerisation, acrylonitrile 
monomers are co-polymerised with a 5 mol% of other monomers, such as acrylic acid, 
methacrylic acid, methyl methacrylate and itaconic acid [38,44].  The monomers are 
copolymerised in polar solvents such as dimethylacetamide (DMAc), 
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or aqueous sodium 
thiocyanate solutions to prepare the “dopes” for spinning.  Typically, the weight-
average molecular weight (Mw) and polydispersity index (PDI) of the PAN copolymers  
are between 70,000-260,000 gmol-1 and 1.5-3.5, respectively [19,38]. 
 
 
Figure 2.6 Production of carbon fibres from PAN-based precursor [2,45]. 
 
 
Acrylonitrile monomer Copolymerisation in polar solvent Wet-spinning 
Thermostabilisation in air 
Carbonisation and graphitisation in 
an inert environment 
above 2,000 C
Carbonisation in an inert 
environment at 1,000 C
Carbonisation in an inert 
environment at 1,500 C
Carbon fibres Type I
Carbon fibres Type II
Carbon fibres Type III
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2.1.2.1 Wet-spinning of PAN 
 
The PAN copolymer is dissolved in polar solvents such as DMAc, DMF or DMSO for 
the preparation of dopes with concentrations in the range of 15-25 wt% and  
corresponding viscosities between 10-200 Pas [19].  Wet-spinning is a common 
technique that used for fibre formation.  Stretching during spinning is required to 
enhance the molecular orientation of the filaments. The fibres are solidified by solvent 
extraction from the filament into the bath.  Washing is carried out to remove the excess 
solvent and the fibres are drawn through and stretched in a bath of ethylene glycol or 
glycerol between 120-180 C to further improve the molecular orientation.  Drying and 
stress relaxation steps are used to remove water and reduce the residual stress, 
respectively [2,17]. 
 
2.1.2.2 Thermo-stabilisation of PAN 
 
During thermo-stabilisation, the PAN copolymer is stabilised between 200-300 C 
in air to avoid the fusion of individual fibres.  During this heat treatment, PAN undergoes 
a cyclisation reaction.  Different models of cyclisation can be found in the literature 
[17,19].  One of the mechanisms, described by Houtz [46,47], is dehydration and 





Figure 2.7 Chemical reaction during thermo-stabilisation in air of the PAN 
homopolymer; adapted from [17,46,48].  
 
Thermo-stabilisation, which includes cyclisation and oxidation, is an exothermic 
reaction, therefore the chemical composition of the resulting polymer depends on the 
heating programme [49].  Fitzer et al. [47,50] reported that the cyclisation of PAN is 
initiated by ions and free-radicals.  Therefore, incorporation of acids such as 
methacrylate and itaconic acid could reduce the onset temperature for cyclisation [51]. 
 
2.1.2.3 Carbonisation of PAN 
 
During carbonisation, the thermo-stabilised fibres are heated to between 800-1600 
°C under an inert atmosphere and tension is applied to the fibres  in order to induced 
molecular orientation [52].  In the early stages of heating, a low heating rate is 
employed so that the formation of decomposing gases does not create voids in             
Cyclisation Dehydrogenation
 + O2 – H2O




the fibre structure.  Goodhew et al. [53] found that the intermolecular dehydrogenation 
reaction of cyclised structures occurs around 400-600 C.  Between 600-1,300 C, 
denitrogenating was said to take place along with the development of graphite-like 
ribbons that are oriented along the fibre axis.  A general reaction scheme for                            








High-strength carbon fibres are obtained by carbonisation between 1,500-1,600 C.  
Further increases in the carbonisation temperature lead to the production of higher 
modulus fibres at the cost of a lower failure strain [54].  The carbonisation and 
graphitisation temperatures depend on the desired properties of the final carbon fibres 
[55].  Graphitisation up to 3,000 C is required to achieve moduli above 350 GPa.  
However,  above 2,000 C, nitrogen is replaced by argon due to the fact that it can 
react with carbon and form cyanogen [17].  During carbonisation further evolved gases 
such as HCN, H2O, O2, H2, CO, NH3, CH4, are found in the temperature range 200-
1,000 C [19].  Alternative stabilisation methods such as plasma electron beam-
assisted cyclisation [56,57] and microwave-assisted processing [16] have been 
investigated to minimise stabilisation time and energy consumption. 
 
2.1.3 Properties of Carbon Fibres Derived from Polyacrylonitrile 
 
With reference to Figure 2.6, the carbon fibres can be classified based on the heat 
treatment (carbonisation and graphitisation) temperatures into three types: Type I, 
Type II and Types III, where the final heat treatment temperatures are above 2,000 C, 
around 1,500 C and below 1,000 C, respectively [2].  Table 2.1 shows                                      
the classifications of carbon fibres, which include ultra-high modulus (UHM), high 
modulus (HM), intermediate modulus (IM), low modulus and high-tensile (HT) and 








Table 2.1 Classification of carbon fibres [45]. 
Carbon fibres type Heat treatment 
temperature 
Final mechanical properties 
Type I  >2,000 C UHM Modulus > 450 GPa 
HM Modulus 350-450 GPa  
IM Modulus 200-350 GPa 
Type II  1,500 C 
HT Modulus <100 GPa 
Tensile strength >3.0 GPa 
Type III <1,000 C SHT Tensile strength >4.5 GPa 
 
Carbon fibres can be alternatively classified by their commercial availability into 
general-purpose (GP) type, which are amorphous and isotropic with low tensile 
strength and modulus.  The high-performance (HP) type has a high proportion of 
graphite structure with high tensile strength and modulus.  Activated carbon fibres 
(ACFs), having a large number of open pores, act as adsorption fibres [39]. 
 
2.2 Lignocellulosic as an Alternative Precursor for the Production of Carbon 
Fibres 
 
Lignocellulosic biomass refers to non-edible plants or non-edible parts of a plant 
and comprises three main polymers, i.e. cellulose, hemicellulose and lignin, all of which 
are present in a plant cell wall [20].  The plant cell wall is usually divided into two 
categories: (i) primary cell wall and (ii) secondary cell wall.  A primary cell wall is a wall 
surrounding growing cells.  The structure of a primary cell wall is composed of cellulose 
fibrils, while the matrix contains hemicellulose, pectin and wax [58]. 
Once the growth stops, the secondary cell wall is deposited interior to the primary 
cell wall.  A secondary cell wall is much thicker than a primary cell wall and it contains 
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cellulose, hemicellulose and lignin [20].  The cellulose chains are present as a parallel 
array and arranged into bundles, and they form the framework of the plant cell wall.  
The bundles of cellulose are bonded with hemicellulose and lignin as illustrated in 
Figure 2.9.  In between two adjacent cells, a middle lamellar layer is formed to bind 
them to each other.   
 
 
Figure 2.9 Schematic illustration of a typical plant cell wall and associated macro and 
micro-structural components [20,58,59]. 
 
Generally, lignocellulosic biomass consists of 35-50% cellulose, 20-35% 
hemicellulose and 10-25% lignin, as shown in Table 2.2.  Apart from these three major 
components, small amounts of protein, fat and inorganic elements such as silica, 
magnesium and potassium can also be found.  The components can vary with                        
the plant species [20,28], location and age [29].  
Hemicellulose
Secondary cell wall (S)
Middle lamellar (ML)










Secondary cell wall 
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Table 2.2 Lignocellulosic compositions from different plant sources [20,59,60]. 







Softwood Pine 42-50 24-27 20 
Spruce 45 23 22 
Hardwood Poplar 50-53 26-28 15-16 
Eucalyptus 54 18 21 
Oak 40 36 24 
Grasses Grasses 25-40 25-50 10-30 
Switchgrass 35-40 25-30 15-20 
 
2.2.1 Lignin  
 
Lignin is an amorphous bio-polymer with one of the highest aromatic content and 
the second most abundant bio-polymer in the world after cellulose [20].  At least 300 
billion tonnes of lignin is available and increases annually by 20 billion tonnes [21].  
About 81 million tonnes of lignin is generated annually as a by-product of the paper 
and pulping  industries [22]. 
Lignin is one of the most promising bio-based precursors for the production of 
carbon fibres [61–64].  Lignin is composed of three primary monomeric units, namely, 
p-coumaryl, coniferyl and sinapyl alcohols.  These mono-lignols form lignin units such 
as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S), respectively (see Figure 2.10).  
Table 2.3 shows the combination of H, G and S units depending on the plant species, 
which are mainly categorised into wood including softwood and hardwood, and non-
wood as grass.  For example, softwood is mainly composed of G units; hardwood is 
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Figure 2.10 Common monomers of lignin and the respective lignin units [20,26]. 
 
Table 2.3 Mono-lignol composition of softwood, hardwood and grasses [20,60]. 
Type of biomass Mono-lignol distribution in lignin (%) 
H G S 
Softwood <5 >95 0 
Hardwood 0-8 25-50 45-75 
Grasses 5-35 35-80 20-55 
 
The H, G and S units are bonded by different linkages of which the most common 
linkage is -O-4’ contributing about 50% [60,65] of the total linkages.  Some common 
















Table 2.4 Approximate percentage of the inter-monolignolic linkages of lignin found in 
nature [20,60,66]. 
Linkages 
Percentage of total linkages (%) 
Softwood Hardwood Grass 
1 -Aryl ether (-O-4’) 45-50 60 82 
2 -Aryl ether (-O-4’) 6-8 8 2 
3 Biphenyl (5-5’) 18-25 10 - 
4 Resinol (-’) 3 2 2-5 
5 Biphenyl ether (4-O-‘5) 4-8 5 - 
6 Pheylcoumaran (-5’) 9-12 6 7-8 
7 1,2-Diaryl propane (-1’) 7-10 7 2 
 
 
A linked-model for softwood lignin, as shown in Figure 2.12, was proposed by 
Adler in 1977 [67].  In 2003, a linearity model of lignin from wheat straw was proposed 
by Banoub and Delmas [68].  A linear model for softwood lignin was also proposed by 
Crestini et al., in 2011 [69]; this is illustrated in Figure 2.13.  In Crestini et al.’s model, 
lignin was suggested as being a linear helical structure and -O-4’ linkage was claimed 
likely to be linear linkage.  However, consensus has not been reached on the actual 
















































































The source of the lignin contributes to the lignin structure; moreover, the extraction 
method of lignin was reported to heavily influence the final lignin structure [30,31].  The 
extraction and isolation of lignin is explained in the following section.   
 
2.2.2 Extraction of Lignin 
 
Lignin can be extracted using several processes such as Kraft pulping, Organosolv, 
sulphite pulping and soda pulping.  The extraction process can be categorised into 
sulphur-based or sulphur-free processes as presented in Figure 2.14 [26,71].                       
The detail of each process will be described in the following sections.  
 
 
Figure 2.14 Different extraction processes to separate lignin from lignocellulosic 
biomass [71]. 
 
2.2.2.1 Kraft Pulping 
 
In Kraft pulping, the biomass is treated with a high alkaline mixture (pH 13) of sodium 
hydroxide (NaOH) and sodium sulphide (Na2S), known as white liquor.  It is heated to 
between 140-180 C for 2-4 hours.  The soluble fraction is referred to as black liquor.  
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The lignin is isolated from the black liquor by acid precipitation using sulphuric acid 
followed by separation by filtration.  The precipitated lignin is washed with distilled 
water and dried.  Typically, a residual sulphur content in lignin is between 2-3% [26,71].  
 
2.2.2.2 Sulphite Pulping 
 
In sulphite pulping, the biomass is reacted in an aqueous solution of sulphite (SO32) 
or bisulphite (HSO3-) salt of sodium, ammonium, magnesium, or calcium at 
temperatures around 140-170 C [72,73].  This reaction can progress relatively rapidly 
at low pH [74].  Sulfonated groups are introduced onto lignin, leading the resultant 
lignin to be soluble in water.  The sulphur content of lignosulfonate is about 5-6% [26]. 
The presence of sulphur in lignin extracted from Kraft pulping and Sulphite pulping 
is reported as being attributable to the chemical agent used in lignin extraction.  
Sulphur found in Kraft lignin is ascribed as due to sodium sulphide used in 
delignification and sulphuric acid as an acidified agent used for lignin precipitation 
[75,76].  Lignosulfonates have generally more sulfonated group and anionic charges 
compared to Kraft lignin [72], thus lignosulfonates are water-soluble.  There are many 
reports that have attempted to explain the localisation of the sulphur in lignin, however 
the subject has been controversial [77].  For example, sulphur in Kraft lignin is believed 
to be in the lignin in many forms, such as ions, elemental sulphur, as adsorbed 
polysulphide and as organically bound sulphur [78,79].  
The sulphur element found in lignin is reported as contributing to void formation 
during the heat treatment step of the lignin fibres.  At temperatures starting from         
300 C, the releasing of sulphur containing gases, mainly SO2 and H2S, occurs [80,81].  
With an increase in heat treatment temperature, i.e. to 1,400-2,200 C, irreversible 
voids are created.  The formation of voids can diminish the mechanical properties of 





2.2.2.3 Soda Pulping 
 
The soda lignin is free from sulphur, therefore soda pulping is used to treat non-
wood biomass such as wheat straw [31], sugarcane bagasse [26] and flax [82].                     
The biomass is reacted in a sodium hydroxide aqueous solution at a temperature 
around 160 C.  Lignin is recovered by acidifying it to pH 2 with sulphuric acid.  
 
2.2.2.4 Solvent Pulping 
 
Organic solvents such as methanol [83,84], ethanol [85] and acetic acid [86] are 
used to extract lignin selectively between 110-185 C, without the solubilisation of 
cellulose and hemicellulose.  Organosolv lignin is obtained after removing the solvent.  
The most common Organosolv processes are based on ethanol/water pulping.  There 
are two commercially available Organolsolv lignins;  Lignol© from Canada [87] and 
Alcelllignin–USA [88].  The reported ash content in Alcelllignin is 0.1% [82,88–90].  
If acetic acid is used for lignin extraction, the obtained lignin is known as acetosolv 
lignin [91] and it is recovered by evaporation of the solvent.  
 
2.2.3 LignoBoost and LignoForce Process 
 
New approaches to precipitate Kraft lignin from black liquor are known as                           
the LignoBoost and LignoForce process; a flowchart showing the procedures is 
illustrated in Figure 2.15.  LignoBoost was introduced in 2002 and the patent was 
granted in 2006 [92,93].  In this process, the black liquor is acidified by carbon dioxide 
between 60-80 C and a pH of 9.5.  The filtrated lignin is re-dispersed in water and re-
precipitated with H2SO4 of pH 2 prior to washing with dilute H2SO4.  This is a two-stage 
process.  The final lignin (LignoBoost®Lignin or BioChoiceLignin) has 1% ash content 
and 2.5% sulphur content, which are lower when compared to the one-stage 
precipitation process which has normally a 2-3% ash and 3% sulphur [94].                             
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The LignoBoost®Lignin was also reported to have a higher lignin yield and a lower 
operational cost of H2SO4 [73,94]. 
 
 
Figure 2.15 (a) LignoBoost process and (b) LignoForce process to isolate Kraft lignin 
[73]. 
 
In 2011, the LignoForce process was developed where the oxidation of black liquor 
is carried out using oxygen at 75-80 C until the sulphide content is reduced, prior to 
precipitation by carbon dioxide, and until the pH drops to 9.5.  Then the slurry 
containing the precipitated lignin is coagulated by mixing at the lower temperature 
between 60-65 C.  The coagulated lignin is filtrated and washed with dilute sulphuric 
acid acidified water. Kouisni et al., have reported the properties of lignin isolated from 
several black liquors (e.g. softwood, hardwood and eucalyptus) using the LignoForce 
process [95].  They found the ash content and sulphur content of lignins obtained from 
those three black liquors are in the range of 0.04-1.5% and 1.3-2.6%, respectively.  
Reference lignin was isolated from the same black liquors, but it was not oxidised.  


























(a) LignoBoost process 
(b) LignoForce process 
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lower than that from lignin without oxidation.  In summary, the benefits of this process 
are lower sulphur compound emission, reduction in chemical consumption and high 
lignin purity [96].  
 
2.2.4 Properties of Commercially Available Lignin 
 
Table 2.5 presents a compiled summary of the characteristics of selected 
commercially available lignins.  The ash content of softwood Kraft Lignin (Indulin AT) 
is between 2-4%, which is higher than that of softwood Kraft lignin obtained from the 
LignoBoost (BioChoiceLignin) and the LignoForce processes which range from                  
0.1-1.5%.  Alcelllignin which is an Organosolv lignin has an ash content of 0.1%.  
Alkaline lignin extracted from wheat straw (Protobind 2400) was reported to have                 
an ash content of 1-1.6%.  The lignin content of wood-based lignins is over 96% whilst 
that of non-wood lignins has a lower lignin content of 86%. 
Gel permeation chromatography (GPC) is a common characterisation technique for 
determining the number average molecular weight (Mn) and weight average molecular 
weight (Mw) of polymer.  The polydispersity index (PDI) is calculated from Mw/ Mn.                
The Mw of softwood Kraft lignin is reported in the range of 5,000-8,000 gmol-1 and            
the reported PDI is in the range of 3-9.  The Mw and PDI of Organosolv hardwood lignin 
are lower than those of the softwood Kraft lignin, and a low ash content of 0.1% is 
obtained.  
The glass transition temperature (Tg) of lignin is measured using differential 
scanning calorimetry (DSC).  The Tg obtained from softwood Kraft lignin ranges from 
130-160 C, while lignin from hardwood is reported to be between 70-108 C.                      
The reported Tg is related to its Mw.  The lowest Tg is found in the lignin from wheat 
straw which is 59 C.  
The mass-loss characteristics of materials are obtained by Thermo-gravimetric 
Analysis (TGA).  The degradation temperature is taken from the maximum of the first 
derivative of the TGA curve which is coded as TDTG.  The TDTG is presented varying in   
the range from 350-390 C.
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Indulin AT Softwood Kraft 2-4 88.8 4.1 92.9 6,000-
8,000 
4-9 132 378 [32,97] 
BioChoicelignin Softwood Kraft and 
LignoBoost 
1.36 91.1 5.4 96.5 5,200-
6,700 
3-7 147 390 [32,98] 
InnoForcelignin Softwood Kraft and 
LignoForce 
0.1-1.5 N/A N/A N/A 6,000 3-4 160 350 [96,99,100] 






Protobind 2400 Wheat 
straw 
Alkaline 1-1.6 79 9 86 2,000-
5,000 
3-4 59 372 [97] 
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2.2.5 Treatments for Lignin 
 
According to the ash content of commercial softwood Kraft lignin compiled in Table 
2.5, it has been reported as in the range between 0.1-4.0 wt% [32,94,96–100,104,105].  
The major inorganic minerals found in the residual ash are sulphur, sodium, potassium 
and magnesium  [94,105–107].  The amount of inorganic elements found in lignin has 
been mentioned as it may cause defects in the resultant carbon fibres thus damage 
the mechanical properties [18,64].  
Furthermore, alkali and alkaline earth metals found in lignin have been reported to 
be a catalyst during pyrolysis, and the affects the product yield [106,108,109].  Major 
inorganics found in lignin are sodium and potassium [94,96,110,111].  The influence 
of alkali and alkaline earth metals has been studied and it has been reported that 
demineralisation by washing lignin with acidified water (H2SO4) can increase                     
the gaseous content and liquid products, whereas the char yield decreased [106,109].  
The reduced char content was explained by a lower inorganic content. Sodium is 
known as a carbon gasification catalyst [107,112], which is described as promoting 
demethoxylation and demethylation [113,114].  Moreover, the infusion of alkali and 
alkaline earth metals into lignin prior to pyrolysis was reported to increase the char 
yield and volatile aromatic products [108], and the char yield was correlated with          
the electropositive metal cation.  This is similar to other publications [115,116]  which 
presented the effect of alkali and alkaline earth metals in the following order of sodium 
> potassium > calcium > magnesium with regard to their catalytic activity. 
The production of carbon fibres from lignin is influenced by the purity of the lignin 
and its inorganic elements including sulphur, alkaline and alkaline earth metals.  
Therefore, the pre-treatment of lignin becomes a necessary step.  Several methods 






2.2.5.1 Acid Washing  
 
In order to remove inorganic impurities, washing lignin with acidified water has been 
reported as a simple purification method and been used by many researchers [94,117–
120].  Acids such as hydrochloric acid and sulphuric acid have been used. Washing 
the lignin with distilled water is the simplest way to remove water-soluble impurities.  
An efficient way to remove the inorganic is washing with acidified water.  This involves 
washing with diluted hydrochloric acid or sulphuric acid which can reduce the ash 
content to 0.5 wt% [77]. 
Moreover, acid washing contributes to the reduction of aliphatic-OH.  The ratio of 
aliphatic-OH to methoxy group measured by 1H NMR, is decreased significantly by 
70% when the lignin is treated with 0.15 M hydrochloric acid [121,122].  
Zhang [119] reported that acidified water at pH 2; 10 ml of acidified water per gram 
of softwood Kraft lignin; 15 minutes of mixing time; and 25 washing cycles was the best 
procedure for washing lignin.  However, the optimum washing condition was not 
accomplished by statistical analysis. 
 
2.2.5.2 Molecular Weight Fractionation  
 
Organic solvents such as methanol [34], acetone [31], ethanol [123], 
tetrahydrofuran and 2-butanone [124] have been used for the fractionation of lignin.  
Lignin from different sources (Indulin AT Kraft softwood, Protobind 1000 and corn 
stover)  were fractionated using methanol [34].  A similar trend was reported for all 
these three lignins where the methanol-soluble fraction presented lower Tg than            
the parent lignins, whereas the highest Tg was detected for the methanol-insoluble 
fraction. For example, the parent softwood Kraft lignin (Indulin AT) had a Tg of 147 C, 
while the Tg of methanol-soluble and methanol-insoluble fractions were 117 C and 
200 C, respectively.  Furthermore, the parent lignin and methanol-insoluble fractions 




The commercial Indulin AT lignin has been fractionated using organic solvents such 
as tetrahydrofuran, methanol and 2-butanone [124].  The highest fractionation yield 
was reported when using tetrahydrofuran which was 62%.  The fractional yields were 
correlated to their solubility [124].  Compared to the parent lignin, all soluble fractions 
had a decrease in the Mw and PDI, whereas a higher value was found in the insoluble 
fraction.  Figure 2.16 shows a plot of Mw versus Tg and PDI for lignin fractionated using 
different organic solvents.  The data are compiled from different lignin sources of 
Indulin AT [124], BioChoice®Lignin [98], softwood Kraft lignin from USA and Sweden 
[29].  It can be concluded that an increase in the Mw tended to increase the Tg and PDI 





Figure 2.16 A plot showing the change in Tg and PDI of lignin from fractionation using 
organic solvent with respect to weight average molecular weight (Mw).                   
Data compiled from different lignin sources of Indulin AT [124], BioChoice®Lignin 
















































































The use of binary solvents and aqueous solvents for the fractionation of lignin has 
been reported.  A soluble fraction lignin obtained using a 9:1 volume ratio of binary 
solvent of  ethanol and acetone had a Mw of 2,890 gmol-1, a PDI of 2.3 and a Tg of    
128 C [123].  Aqueous solvent such as aqueous acetone [31] and aqueous ethanol 
[85], have been exploited.  It was reported that the solubility of lignin was decreased 
with an increasing concentration of water.  The highest solubility was found when       
the water concentration was around 20-40% by volume [31,125].  Lower Mw and PDI 
with an increasing water concentration was reported when using both aqueous 
acetone and aqueous ethanol [85]. 
Single-step solvent fractionation and sequential-step fractionation with solvents 
were carried out by many researchers [29,98,126].  Softwood Kraft lignin from different 
locations (USA, Sweden) was used for solvent fractionation in a sequential manner 
using dichloromethane, n-propanol, methanol and a binary solvent of dichloromethane 
and methanol.  The lowest Mw, i.e. 611 gmol-1 was produced from soluble fraction 
using dichloromethane [29].  The Mw and PDI of soluble fraction were increased with 
the sequence of solvent used in the order ethyl acetate, ethanol, methanol and 




Precipitation of black liquor in different acidic and basic solutions can also be used 
to obtain specific molecular weight distributions of lignin.  Wheat straw black liquor was 
precipitated stepwise by adding 0.1 M HCl until the pH of the black liquor dropped to 
10.5, 9.0 and 2.0.  Lignin isolated from pH 2 had a lower ash content and a higher 
lignin content when compared to lignin isolated using a basic solution (pH 10.5 and pH 
9.0) [127]. 
Using acidic levels from pH 7 to pH 2 had no significant effect on the Mw and PDI of 
the isolated lignin [128–130].  For example, the lignin from oil palm trunk which was 
isolated at acidic levels from pH 7 to pH 2, showed Mw in the range between                         
2,100-2,200 gmol-1 and PDI of 1.41-1.46 [128].  Apart from lignin from oil palm trunk, 
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lignin from black liquor obtained from pulping showed Mw of 1,300-1,400 gmol-1 [130].  
On the other hand, the significant effect of the acidic level was reported on precipitation 
yield, when the precipitation of lignin from brewers’ spent grain black liquor was 
studied.  At pH 2.15, the highest lignin yield was recovered, and the concentration of 
soluble-lignin fraction was reduced from 12.44 gl-1  to 2.31 gl-1 [131]. 
 
2.2.5.4 Physical Fractionation 
 
Physical fractionation, also known as membrane filtration, is a separation process 
where a ceramic or polymer membrane is used to separate different molecular weight 
fractions.  For example, black liquor is forced through the membrane at pressures in 
the range of 1-10 bar [132].  The smaller molecules pass through, whereas large 
molecules are retained on the membrane surface.  Different types of lignins (Kraft, 
soda and Organosolv lignins) were filtrated through 5kDa polyethersulfone, and           
the permeated lignins showed lower Mw and lower PDI compared to the parent lignins 
[133].  The same result was reported, when black liquor from softwood and hardwood 
Kraft lignin was filtrated through a 15kDa ceramic membrane [134,135].  The original 
softwood lignin and permeated softwood lignin had Mw of 6,400 gmol-1 and 3,300 
gmol-1, respectively.  The PDI of softwood lignin was 5.0; after filtration the PDI of 
permeated softwood lignin was reduced to 2.6 [135].  Moreover, the reported Tg of 
permeated softwood lignin was lower than that of the parent lignin.  
Figure 2.17 shows a plot of Mw versus Tg and PDI.  The plotted data for the Tg and 
molecular characteristics are compiled from parent lignin and permeated lignin from 
ceramic filtration [133–135].  Lignin with a higher Mw possessed a higher Tg and PDI.  
This trend is similar to the lignin fractionated using different organic solvents, as 




Figure 2.17 A plot of glass transition temperatures of parent lignin and the permeated 
lignin fraction from ceramic membrane filtration [134,135].  
 
2.2.5.5 Blending Lignin with a Polymer 
 
Polymers, such as polyethylene (PE) [63,136], polypropylene (PP) [137], 
polyethylene oxide (PEO) [138] and polyethylene terephthalate (PET) [139] have been 
blended with lignin at the processing temperature range from 130 to 260 C, prior to  
melt-spinning.  For other spinning techniques such as wet-spinning, dry-spinning and 
electro-spinning, polymer blends have been introduced to lignin solutions prior to 
spinning.  For example, PAN blended lignin, up to 50 wt%, has been wet-spun [44,140–
142].  For electro-spinning polymers such as PEO [35,36,143–146], PAN [147,148] 
and PVA [149–151] have been blended with lignin,  
Miscibility between lignin and polymers has been studied extensively.  Generally, 
the miscibility of a polymer blend can be classified into three terms; fully miscible, 



















































the methods used to investigate miscibility [152].  If a single Tg is observed in between 
that of the neat constituents, it is indicative of a fully miscible system on a scale of 5 to 
15 nm.  An immiscible blend possesses the two composition-independent Tgs that are 
close to those of the neat constituents.  A partially miscible blend has two composition-
independent Tgs located in between those of neat constituents.  The Tg has been used 
extensively to study the miscibility between lignin and other polymers [137–
139,153,154].  For example, PEO [138,153] and PET [139] were miscible with lignin, 
whereas PP is immiscible with lignin [137].  Apart from synthetic polymers that may 
limit sustainable development in the future, a bio-renewable polymer, PLA has been 
blended with chemically modified lignin for the production of carbon fibres [155,156]. 
 
2.3 Fibre Formation using Lignin 
 
Spinning techniques for producing fibres from lignin are presented in this section.  
The production techniques considered include melt-spinning, electro-spinning, wet-
spinning and dry-spinning.  In each spinning technique, a summary of the literature on 
the production of lignin fibres is included. 
 
2.3.1 Melt-spinning of Lignin 
 
Melt-spinning starts with polymer pellets or powders being heated above their Tg 
and/or Tm followed by extrusion through a spinneret.  The extruded filaments are drawn 
before being directed into a chamber where they are quenched to form solid filaments. 
Melt-spinning is claimed to be a rapid, convenient and commonly used technique for 
the formation of polymer fibres [157,158]. 
Several types of lignin without involving polymer blending with other polymers have 
been melt-spun.  Sudo  et al., [61,159,160] and Uraki et al., [161] utilised acetosolv 
lignin, obtained from birch hardwood, and subjected it to chemical modification via 
acetylation in order to improve the melt-spinnability.  They found its spinnability was 
improved by increasing the degree of substitution acetyl groups.  Kubo et al. [162] 
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investigated acetosolv lignins extracted from hardwood and softwood for                                  
the production of carbon fibres.  Sequential extraction steps, using aqueous acetic 
acid, were performed to remove the infusible fraction.  The acetosolv hardwood lignin 
was melt-spun and converted into carbon fibres, whereas the acetosolv lignin from 
commercial softwood Kraft lignin could not be spun, even though the infusible fraction 
was removed. 
Table 2.6 represents a compiled list from the selected literature on the production 
of lignin-based carbon fibres via melt-spinning.  This includes key properties for                  
melt-spinning such as Mw, Tg and spinning temperature.  This table is divided into two 
parts: spinning of lignin without and with a polymer blend.  Hardwood lignin could be 
proceeded into fibres without a secondary polymer.  Here the processing temperature 
used was 70-80 C higher than the Tg of hardwood lignin [117,162].  On the other hand, 
it has been reported that softwood Kraft lignin needs to be modified chemically prior to 
melt-spinning [155,156,163] 
With reference to Table 2.6, Kubo et al., [162], were of the opinion that softwood 
Kraft lignin required pre-treatments (molecular fractionation, chemical modification) in 
order for it to be melt-spun.  Lignin has been blended with polymers such as PE 
[63,136], PP [137,139], PEO [64] , PET [139], PVA [154] and PLA [155,156] to enable 
melt-spinning.  However, fibre fusion during the thermo-stabilisation step was 
highlighted as a concern when the concentration of the polymer was greater than           
5  wt% [64].  Moreover, voids were found in the resultant carbon fibres derived from             





Figure 2.18 SEM micrographs of the cross-sectional area of melt-spun carbon fibres 
from a butylated-lignin/PLA blend [155,156]. 
 
In order to avoid the formation of voids caused by the high concentration of                
the second polymer, the blending of two types of lignin was explored.  Organosolv 
hardwood lignin from yellow poplar wood was blended with soda switchgrass lignin 
prior to melt-spinning [164,165].  The morphology of the resultant carbon fibres from 
hardwood lignin/grass lignin is shown in Figure 2.19 where defect-free surfaces are 
observed.  Molecular weight fractionation was controlled using ceramic membrane 
fractionation; the permeated fraction of softwood Kraft lignin was blended with 5 wt% 
of the permeated fraction obtained from hardwood Kraft lignin [134,135]. 
 
 
Figure 2.19 SEM micrographs of carbon fibres from 50% yellow poplar lignin and 
50% grass lignin [164]. 
 
Butylated-Lignin/PLA:50/50 Butylated-Lignin/PLA:75/25 Butylated-Lignin/PLA:90/10 Butylated-Lignin/PLA:100/0
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With reference to Table 2.6, there are many key parameters that have to be 
considered for the melt-spinning of lignin.  For example, the presence of carbohydrate 
and inorganic element is known to have an adverse effect during the pyrolysis of lignin.  
Hence, the concentration of theses impurities has to be reduced before manufacturing 
lignin fibres.  The molecular weight distribution is another key parameter with synthetic 
polymers.  In general, molecular weight in the range 20,000-60,000 gmol-1 is required 
for fibre formation [157,166].  It is seen in Table 2.6 that the weight average molecular 
weight is significantly lower for lignin.  Therefore, this is one reason why it is blended 
with synthetic or bio-polymers with a higher molecular weight and lower molecular 
weight distribution, the so-called polydispersity index (PDI), is normally between         
1.5 -2.0 for synthetic polymer [167]. 
Therefore, it is surprising to note a larger PDI for lignin, this leads to a suggestion 
about the heterogeneity of lignin with the added complication of it being able to        
cross-link about approximately 140 C.  This has implications for the processing of 
lignin and its blends because lignin can accumulate in the processing equipment and      
cross-link.  The consequences for this can be detrimental for most processing fibre 
fusion and is often cited as a problem with the fibre formation for lignin.  This can be 
avoided with vertical extrusion when the lignin leaving the spinneret is quenching 
rapidly to solidify the fibres.  Heating lignin above its Tg can also have another 
consequence in that, if heated in air, it can oxidise, giving rise to the formation of polar 
functional groups.  These functional groups can lead to the re-absorption of moisture 
in the fibres during storage.  Absorbed moisture can lead to void formation.  Since          
the desired intention is to ultimately manufacture carbon fibres, it is the mechanical 
properties of the as-spun, oxidised and carbonised fibres that take on a significant 
prominence.  However, this literature review and data presented in Table 2.6 suggest 
that standardisation is required with regard to quality control of the starting materials, 
the removal of impurities and developing an understanding of the starting materials 
and the chemical and physical changes that occur during thermal processing.                      
The next section of this review will consider electro-spinning. 
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Table 2.6 A compiled list of the literature on the production of lignin fibres via melt-spinning.  
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N/A N/A 100/0 159 180 100-200 [155,156] 
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N/A N/A N/A 128 
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Lignin with polymer blend 
Hardwood Kraft  N/A N/A N/A PP/127,000 75/25 N/A 220 N/A [137] 
Hardwood Kraft N/A N/A N/A PET/18,000 
PP/127,000 





Hardwood Kraft 2,400 
[1.9 PDI] 
N/A N/A PVA/93,400 
PVA/23,000 
N/A N/A 210-250 N/A [154] 
Hardwood Kraft N/A N/A N/A PLA/177,000 80/20 N/A 220-240 N/A [168] 
Hardwood Kraft N/A N/A N/A PEO/100,000 97/3 N/A N/A 34 [64] 
Softwood Kraft N/A N/A N/A PP, PE, PET, N/A N/A 130-260 N/A [63,136] 
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N/A PLA 95/5 159 180 100-200 [155,156] 
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2.3.2 Electro-spinning Lignin 
 
Electro-spinning is a fibre fabrication process which employs electrostatic charging 
to draw polymer jets into thin filaments or spin fibres with a diameter of a few tens of 
nanometres to a few micrometres.  Electro-spinning can be classified into (i) solution 
electro-spinning and (ii) melt electro-spinning, based on the state of the polymer used.   
The set-up for electro-spinning consists of three major components: (i) a feeding 




Figure 2.20 (a) Typical set-up for electro-spinning and key components of the electro-
spinner and (b) fibre formation by electro-spinning. 
 
In general, a polymer solution or polymer melt is fed into a syringe and the liquid is 
driven by a dispensing unit or syringe pump.  More than one solution can also be fed 
in if a core and cladding structure are desired in the output fibre.  Such liquids are 





















in viscosity.  The needle of the syringe is connected to a high-voltage supply to induce 
charges into the polymer solution.  With increasing voltage, the charge density on           
the surface of the droplet at the tip of the needle also increases.  The repulsion between 
the accumulated like-charges tends to oppose the surface tension, which maintains 
the spherical shape of the droplet.  The droplet is also subjected to an attractive force 
from the grounded collector electrode.  At a critical voltage, the droplet that has 
deformed into a cone (the Taylor cone) stretches out into a thin fibre-like structure.  
Eventually a polymer jet ejects outward from the vicinity of the needle tip in the form of 
a jet that proceeds in a random or sometimes spiral trajectory over some distance 
before it is collected in the form of fibre on the grounded electrode [169,170]. 
In the aforesaid process, the thinning of the droplet into a fibre, followed by further 
stretching and whipping forces, aids in reducing the fibre diameter and accelerates 
solvent evaporation.  The separation between the tip of the needle and the ground 
electrode in conjunction with the ambient temperature and relative humidity determine 
the state of the fibres produced.  Incomplete solvent evaporation can lead to fibre 
fusion and non-uniform fibre diameters.  Therefore, optimal control of the process 
parameters is essential to achieve consistent electro-spun fibres [169]. 
Table 2.7 presents a summary of the selected parameters that are considered to 





Table 2.7 A summary of the key processing parameters for electro-spinning. 
Variable 
parameter 





• Bead type defects can be eliminated 
by increasing the concentration. 
• Increasing concentration leads to an 





• Increasing the surface tension leads 
to bead formation. 
[169] 
Conductivity • Increasing in conductivity of polymer 
solution, the critical voltage for 




• Bead formation can be reduced by 






• Lower evaporation rate leads to the 






• The fibre diameter is reduced by 
increasing the voltage. 
[176] 
Temperature • Increasing the solution temperature 
enhances polymer chain mobility 
and lowers the viscosity leading to a 
reduction in fibre diameter. 
[177] 





Parameter Effect on electro-spun fibres References 
distance tip of the needle and collector leads 
to a reduction in fibre diameter and 
the fusion of fibres. 
Solution Feed 
rate 
• Increasing the feed rate tends to 
increase fibres diameter. 
[180,181] 
Ambient Humidity • Decreasing the humidity accelerates 
the evaporation rate of the solvent. 
[177,182] 
 
Table 2.8 shows a compilation of previous literature where the electro-spinning of 
lignin fibres has been demonstrated.  Fibres from lignin without blending have been 
reported rarely except for hardwood Organosolv lignin dissolved in ethanol using a 
coaxial needle [103,183].  Ethanol was used in the outer skin which allowed for 
encapsulating the lignin in the core.  On the other hand, softwood lignin required            
pre-treatments such as molecular weight fractionation [36,145,146], chemical 
modification [184,185] and blending with a polymers such as PEO [35,36,143–146], 
PAN [147,148] and PVA [149–151] for the fibre formation via electro-spinning.  It was 
claimed that softwood lignin alone did not have sufficient viscoelasticity for                        
electro-spinning [35,139,143].  This was explained by Dallmeyer et al. [35] who 
reported the Newtonian behaviour for neat softwood Kraft lignin solution and this was 
converted into a non-Newtonian characteristic by adding PEO.  Moreover, they claimed 
that the Newtonian solution could not create a stable electro-spinning jet.  Increasing 
the molecular weight, with the addition of PEO, increased the viscosity of the lignin 
solution; however, the excessive solution viscosity was found to be unsuitable for 
spinning. 
With reference to Table 2.8, there are many key parameters that have to be 
considered for the electro-spinning of lignin, such as the solvent used for dissolving of 
lignin and/or the polymer blend and the total polymer concentration affecting                  
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the solution viscosity.  Solubility is one of the criteria for solvent selection.  Ethanol 
[103,183], acetone/DMAc [186] and DMF [187,188] have been used for dissolving 
Organosolv lignin. DMF, DMSO and chloroform were used for Kraft lignin according to 
the data compiled in Table 2.8. 
Several researchers have studied the blending of PAN with lignin and DMF as          
the solvent.  The use of PAN carries a cost concern, moreover it is unsustainable.  
DMF is a toxic solvent with environmental and health concerns [143,144,149].  For 
these reasons, lignin blended with water-soluble polymers such as PEO and PVA were 
explored as an alternative choice to replace the use of PAN [143,150,151,189,190].  
It shown in Table 2.8 that polymers in the range 0.2 wt% to 70 wt% have been added 
to lignin.  For example, a small amount of PEO (0.2-5 wt%) [36,143–145] was added 
to the lignin solution, whereas 25 wt% to 75 wt% of  PAN [147,148] , PVA [149–151] 
and PCL [191] ranging from 25 wt% to 75 wt% were required for electro-spinning lignin.  
The concentration of the polymers used with lignin is dictated by the miscibility between 
the two polymers.  PEO and lignin have been reported as being miscible with lignin 
[138,153], hence only a small concentration of PEO is required.  On the other hand, 
PAN [185] and PVA [154] are immiscible with lignin, therefore, higher amounts of PAN 
and PVA are required for blending.  In addition to blending, solvent fractionation and/or 
chemical modification have been used to treat lignin, in order to improve the miscibility 
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10,000 N/A N/A Water PVA/ 
125,000 
75/25 5-8 wt% N/A 148 ± 4 [150] 
Softwood Kraft 
(Sigma-Aldrich) 
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PCL 25/75 14 wt% N/A 300-600 [191] 
Hardwood Kraft 
Moorim Pulp & 














N/A DMF PAN/ 
150,000 
50/50 20 wt% 1.48 1,690 [185] 
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2.3.3 Dry-spinning Lignin 
 
Dry-spinning is one of the solution-spinning techniques where the solidification of 
the filament is achieved by heat-induced evaporation.  Typically, the solidification rate 
in dry-spinning is slower than that of melt-spinning [158,194].  This is explained by their 
solidification mechanisms. In dry-spinning, preparation of a polymer solution or dope 
is the first step.  The criteria for solvent selection are dissolving ability and solvent 
volatility.  However, the solvent’s flammability, risk of explosion and toxicity are causes 
for concern.  After the full dissolution of the polymer, the solution is filtered and 
deaerated in order to avoid void formation.  Key process parameters are polymer 
concentration and thermal diffusion coefficient.  
The cross-sectional morphology of a dry-spinning filament is dependent on the ratio 
of the solvent evaporation rate to solvent diffusion rate () − see Figure 2.21.  If this 
ratio is close to 1, a near-circular cross-section can be formed.  If the ratio is higher 
than 1, a thicker, hard skin can be formed.  However, if the solvent evaporation rate is 
much greater than the solvent diffusion rate, the solvent remains inside the filament, 




   
The ratio of solvent evaporation rate and 
solvent diffusion rate ()  
1 1 1 
Figure 2.21 Filament cross-sectional morphology dependence on the ratio of 
evaporation rate to diffusion rate [194].  
  
Dry-spun lignin was demonstrated by Otani et al. [195] in 1965.  They used alkaline 
solution to dissolve lignin and the solution was extruded and dried.  After carbonisation, 
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the fibres showed the presence of voids due to residual NaOH. 
Table 2.9 shows a compiled list from the literature on lignin-based carbon fibres 
produced by dry-spinning. Acetylated softwood Kraft lignin was successfully 
manufactured by Zhang and Ogale [196–198].  The acetylated lignin was fully 
dissolved in acetone.  A high concentration of lignin solution (2.15 gml-1) provided              
a lignin precursor without crevice patterns, while an increased spinning temperature 
created more crevice patterns, as shown in Figure 2.22 [197].  
 
 
Figure 2.22 SEM micrographs of as-spun fibres from dry-spinning of acetylated 
softwood Kraft lignin. The solution was spun at room temperature at two different 
concentrations: (a) 2.15 gml-1 and (b) 2.00 gml-1 [196,197]. 
 
In a recent report, dry-spun softwood lignin without chemical modification was 
produced successfully [199,200].  Prior to dry-spinning, softwood Kraft lignin was 
purified and fractionated via a continuous and simultaneous system called Aqueous 
Lignin Purification with Hot Acids (ALPHA) as shown in Figure 2.23.  A hot acetic acid-
water mixture was used in the ALPHA to fractionate and solvate softwood lignin.             
A low ash content of 0.06-0.08 wt% was extracted and an increase in molecular weight 
was found when the acetic acid to water ratio was increased.  Lignins with different 
molecular weights from the ALPHA process were dry-spun at 30-40 ºC and carbonised 
at 1,000 ºC.  The resultant carbon fibres from the highest molecular weight                       
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(28,600 gmol-1) showed a tensile modulus of 98 GPa and tensile strength of 1.39 GPa.  
The cross-sectional morphologies of carbon fibres produced from ALPHA are shown 
in Figure 2.24 [201]. 
 
 
Figure 2.23 Schematic illustration of the continuous flow of the Aqueous Lignin 
Purification using the Hot Acids (ALPHA) process [199–201]. 
 
 
Figure 2.24 SEM micrographs of carbon fibres derived from: (a) medium; (b) higher; 
and (c) highest MW lignins from the ALPHA process [201]. 
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Table 2.9 A compiled list from the literature on the production of lignin fibres via dry-spinning.  
Lignin 



















Partial acetylation N/A Acetone 75 wt% 5.9 [119,196–
198] 







Acetic acid/water 85 wt% 5.6-6.2 [201] 
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2.3.4 Wet-spinning Lignin 
 
Wet-spinning is a solution spinning process where the filaments are extruded into   
a liquid coagulation bath and solidified to form fibres.  The polymer is dissolved in an 
appropriate solvent and the solution is degassed prior to being pressurised through           
a metering pump to a spinneret.  The spinneret is submerged in a coagulation liquid 
which is a non-solvent; this is known as wet-spinning.  The counter diffusion occurs 
between the solvent in the solution filament and the non-solvent in the coagulation bath 
[202,203].  At this stage, the extruded gel-like filament is transformed into                               
a rubber-like solid [204].  Another method of wet-spinning is dry-jet wet-spinning, where 
the polymer solution is extruded into air prior to being submerged in a liquid bath [205].  
The air gap is allows the extruded gel-like filament to be stretched before entering            
a coagulation liquid. 
Table 2.10 shows a compiled list from the literature on lignin-based carbon fibres 
manufactured by wet-spinning [44,142,206–208].  The wet-spinning of lignin without a 
second polymer has not been reported in the literature. PAN is the most used polymer 
blend used for wet-spinning lignin; lignin without any treatments was added into PAN 
spinning dope containing an organic solvent such as DMSO, DMF and DMAC. The 
lignin loading was in the range 30-50 wt%.  For dopes with 15 wt% of PAN, sulfonate 
lignin was added where the concentration of the lignin was between 15-47 wt%.  The 
blended dopes were extruded to a water coagulation bath at room temperature.  The 
blend fibres showed finger-like macrovoids with a radial orientation [142].  These 
finger-like features have been reported by many researchers. The formation of these 
structures were said to be due to the counter diffusion of solvent/non-solvent and 
phase separation during coagulation [142,209–211]. The tensile strength and modulus 
decreased with an increasing concentration of lignin.  Moreover, after air thermo-
stabilisation at 230 C with a dwell time of two hours, the stabilised-fibres still showed 




Figure 2.25 The PAN/sulfonate lignin fibres obtained from the air thermo-stabilisation 
step with finger-like macrovoids [142]. 
 
Void-free carbon fibres derived from lignin/PAN blends were demonstrated by Fitzer 
and Miller [44] where gel-spinning was used.  The blend dope was extruded into                        
a methanol bath at -50 C and then stored in a methanol bath at -30 C for 12 hours.  
The significant reduction in the fraction was said to be due to the decreased                     
counter-diffusion rate and reduced rate of leaching for the lignin.   Adding lignin into a 
water coagulation bath to eliminate void formation has been reported by Jin and Ogale 
[207], who reported that the addition of 0.1 - 0.2 wt% of lignin into a coagulant bath in 
order to control of lignin diffuses from the fibre surface.  They found that                                    
the concentration of lignin in the coagulant was constant when 0.2 wt% of lignin was 
incorporated in the bath.  Void-free carbon fibres with a tensile strength of                     
1.20 ± 0.10 GPa and modulus of 130 ± 3 GPa were claimed by these authors. 
With reference to Table 2.10, carbon fibres obtained from a co-polymer of PAN and 
lignin was demonstrated [141,212] where the ratio of acrylonitrile to lignin of 8:2 was 
recommended.  Other blends such as PVA [213] and cellulose [214] have been 
blended with lignin and subjected to wet-spinning.  
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Unspecified sulfonate  N/A N/A DMSO PAN 47/53 28 wt% [142] 
Softwood Kraft  2,700 N/A DMSO PAN/ 
12,000 
50/50 20 wt% [206] 
Softwood Kraft 
(Indulin AT) 
N/A N/A DMSO PAN/ 
233,000 
50/50 16 wt% [207] 
Grass soda  
(Protobind) 
N/A N/A DMAC PAN/ 
250,000 
30/70 20 wt% [44] 
Hardwood 
(Lignol Innovation) 
1,900 N/A DMF PAN/ 
150,000 
40/60 25 wt% [208] 
Hardwood N/A Copolymerisation 
with PAN 
DMSO PAN 50/50 16 wt% [212] 





















Unspecified Kraft N/A N/A DMSO/water PVA/ 
140,000 
50/50 10 w/v [213] 
Hardwood Organosolv 
Beech wood 
N/A N/A [DBNH]OAc* cellulose 20/80 15 wt% [214] 
*[DBNH]OAc refers to 1,5-Diazabicyclo[4.3.0]non-5-enium acetate
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2.4 Heat Treatment of Lignin  
 
2.4.1 Thermo-stabilisation of Lignin  
 
Thermo-stabilisation is a processing step subsequent to fibre formation, intended to 
prevent the fusion of the spun fibres during heat treatment.  Fibre fusion can occur for             
a number of reasons during thermo-stabilisation.  For example: (i) the presence of                    
solvent-rich filaments in intimate contact; and (ii) the Tg of lignin (70-160°C), with reference 
to the data compiled in Table 2.5, being lower than the processing temperature which can 
vary from 200-300 °C [117,135,196,215–217].  Thermo-stabilisation of lignin filaments is 
reported to minimise fibre fusion by oxidation and cross-linking [217,218].  There are few 
studies reporting the effect of the conditions used in thermo-stabilisation of lignin [217–
221].  Most of the studies [217–219] reported the properties of the stabilised lignin which 
was ground into a powder prior to characterisation.  The effect of thermo-stabilisation on 
lignin with nanoscale fibres has been investigated [220].  A number of papers have 
reported on the increase in the oxygen concentration and a decrease in that of hydrogen.  
The loss of hydrogen is explained by the cleavage of C-H or O-H bonds [217,219,220]. 
The decrease in the hydrogen content is supported by the functional group characterised 
by Fourier-transform infrared spectroscopy (FTIRS). The absorbance bands for C-H and 
O-H decreased with an increase in thermo-stabilisation temperature.  Moreover, the signal 
at 1700 cm-1, representing the carbonyl group, increases rapidly when the stabilisation is 
above 250 °C [218,220,221].  Similar results have been reported from solid state 13C NMR 
[219] and X-ray photoelectron spectroscopy (XPS) [217].  An increase in the Tg was found 
with decreasing heating rate [218].  Some authors have reported that the Tg cannot be 
detected when lignin is stabilised over 250 C at 0.2 Kminute-1 [217,218].  The increased 
Tg is attributed to cross-link reactions. The thermo-stabilisation conditions, including 
temperature, heating rate and dwell time, have been said to have a minor effect on the 
mechanical properties of carbon fibres derived from lignin [219,220]. The tensile strength 
and modulus of lignin fibre carbonised at 1,000 C were said to be in the range 35-48 MPa 
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for the tensile strength and 6-11 GPa for the tensile modulus [220].  
From these reports, it can be concluded that the main purpose of thermo-stabilisation 
is to prevent the fibre fusion during carbonisation.  Therefore, the key parameters in 
thermo-stabilisation for the lignin have to be considered.  The fibre morphology of                      
the stabilised fibres has to be investigated prior to proceeding with carbonisation.  
The structural development during the oxidative thermo-stabilisation of lignin is not 
conclusive as several reaction mechanisms have been proposed but universal agreement 
has not been reached [217,218,221,222].  The mechanism is said to involve many stages: 
(i) the cleavage of the C-O bond at the -O-4’ position, which is the major constituent in 
the lignin structure. (ii)  Both the C-O cleavages produce free-radicals in the phenoxy 
rings.  Hydrogen abstraction followed by the formation of formaldehyde, are the reactions 
that take place on the phenoxy free-radical. (iii)  Once the free-radicals are formed, the 
rearrangement of a free-radical can occur.  The free-radical favours locating at the -
position; however, it can relocate to the -position.  Once the free-radical moves to the -
position, then the cleavage at the  position is again progressed. 
In the presence of oxygen, auto-oxidation can take place leading to the formation of 
carbonyl and carboxyl groups [218,223]. In an oxygen atmosphere, a cross-link is 
possible, leading to a more thermo-stable structure.  Following the cross-linking reaction, 
the oxidised lignin fibre acquires a higher Tg and this aids in retainment of its geometry 
during carbonisation.  
 
2.4.2 Carbonisation of Lignin Precursor 
 
After thermo-stabilisation, carbonisation and graphitisation are carried out.                             
The stabilised fibres are heat-treated in an inert atmosphere at specified temperatures to 
obtain the desired properties.  For lignin, the reported carbonisation temperature is 
between 600 °C-1,400 °C [144,184,185,219,224].  During carbonisation, mass-loss is 
significant and the total yield obtained is around 30%–50% [13,64,103].  Carbon is                 
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the main component on the fibre surface and its concentration increases with increasing 
carbonisation temperature [37,103,225].  
Raman spectroscopy is a technique that is used for characterising various forms of 
carbon (crystalline and amorphous).  It is employed to analyse the ordered graphitic 
structure through the ratio between the D-band and G-band which is defined as                           
the R-value.  The D and G-bands are located at around 1,310 cm-1 and 1,580 cm-1, 
respectively.  The D-band represents the breathing mode of a 6-carbon atom in an 
aromatic ring and this band is attributed to a disordered structure.  The G-band 
corresponds to the in-plane stretching mode of the sp2 carbon in the aromatic ring and 
aliphatic chain [226–228].  The R-value is used to indicate the graphitic-like structure in 
carbon fibres obtained from lignin [36,103,145,215,229].  The R-value for carbon powder 
derived from lignin decreases from 3.5 to 2.1 when the carbonisation temperature is 
increased from 800 C to 1,400 C [219].  The same decrease in the R-value has been 
reported in carbon fibres obtained from lignin [144], fibres from copolymer of lignin and 
PAN [184] and PAN fibres [36].  A statistical design of experiment, a two-level factorial, 
was explored to investigate the effect of the carbonisation conditions, including the heating 
rate (2.0, 4.5 and 7.0 Kminute-1), carbonisation temperature (800, 950 and 1,100 C) and 
dwell time (3.0, 6.5 and 10.0 hours) by Poursorkhabi et al. [144].  They found that                        
the R-value decreased when the carbonisation temperature and heating rate were 
increased, whereas the R-value was increased from 2.2 to 2.5 when the dwell time was 
increased from three hours to 10 hours. In terms of the mechanical property,                                  
an improvement in tensile strength and modulus was found with decreasing R-value [184] 
and increasing carbonisation temperature [225].  
With reference to the aforesaid review, the carbonisation condition is the key to 
obtaining the desired mechanical properties for lignin-based carbon fibres.  Therefore,              
the key parameters in carbonisation have to be taken into account for the production of 




2.5 Mechanical Properties of Carbon Fibres from Lignin 
 
The mechanical properties of a single filament of carbon fibre produced from lignin by 
different spinning techniques, such as melt-spinning, dry-spinning and wet-spinning are 
compiled in Table 2.11. The single filaments were evaluated according to the ASTM test 
method D-3379-75 or ASTM C1557-20.  
With reference to Table 2.11, carbon fibres derived from lignin without a blended 
polymer exhibited tensile strengths in the range from 10 to 1,000 MPa and a tensile 
modulus between 1-100 GPa.  Carbon fibres obtained from PAN/lignin via wet-spinning 
showed better results in both the tensile strength and modulus, which were                                     
1,200-1,400 MPa and 100-200 GPa, respectively.  These properties depended on many 
factors, such as extraction method [215], conditions during thermo-stabilisation [220] and 
carbonisation [144,225].  However, these properties are far from those of standard grade 
carbon fibres (T700), having 4900 MPa and 230 GPa in tensile strength and tensile 
modulus, respectively. 
The mechanical properties of carbon fibres produced by electro-spinning are measured 
generally in the form of a randomly-aligned mat.  The electro-spun mat is cut into                            
a rectangular shape and the dimensions are measured.  The specific stress is calculated 
using Equation 2.1 [230], which has been used by many researchers 
[146,184,185,231,232].  
 
Tensile stress (N ∙ Tex−1) =
[Force(N)/ sample width(mm)]
areal density (g/m2)
 Equation 2.1 
 
Tex represents the mass of one kilometre of the fibres.  The areal density is calculated 
from the sample mass per square metre (m2).  The tensile stress (NTex-1) is converted to 
the stress units of GPa multiplying by the bulk density; in the case of lignin                                
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1.35x103 kgm-3 is used for the bulk density [146,184].  The mechanical testing of single 
nano-fibres has been investigated using a sensitivity tensile tester [233], atomic force 
microscope (AFM) [234,235], nano-indentation [224,229] and in situ SEM tensile tester 
[236].  However, a few publications have reported the mechanical properties of single 
nano-carbon fibres from lignin.  The reported mechanical values of carbon fibre mats and 
nano-carbon fibres from lignin-based precursor are presented in Table 2.12. 
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Table 2.11 Compiled list of mechanical values of carbon fibres from lignin-based precursor via melt-spinning, dry-spinning 
and wet-spinning. 
Materials 

















Carbon fibres from melt-spinning 
Hardwood lignin Steam explosion 
Blending of chloroform-
soluble and carbon 
disulphide-insoluble fraction 
N/A 1,000 660 ± 230 40.7 ± 6.3 - [61] 
Hardwood lignin Acetosolv N/A 1,000 355 ± 53 39.1 ± 13.3 0.98 ± 0.25 [161] 
Softwood lignin Acetosolv N/A 1,000 26.4 ± 3.1 3.59 ± 0.43 0.71 [162] 
Hardwood lignin Acetosolv N/A 1,000 5.8 ± 1.7 0.84 ± 0.29 0.75 [162] 
Hardwood lignin - N/A 1,000 388 40 1.0 [64] 
Hardwood Kraft lignin Solvent fractionation N/A 1,000 520 ± 182 28.6 ± 3.2 N/A [117] 
Softwood Kraft lignin with 
10% Hardwood Kraft 


























Thermal treatment at  
140 C for eight hours 
N/A 1,200 465 ± 85 32.3±1.5 1.5 [216] 
Softwood Kraft lignin Chemical modification: 
peracylation 
N/A 2,200 750 41.1 - [163] 
Hardwood lignin N/A PEO  1,000 339 ± 53 33 ± 2 1.25 ± 0.26 [64] 
Hardwood Kraft lignin N/A PET  1,000 703 94 1.06 [139] 
Hardwood Kraft lignin N/A PP  1,000 437 54 0.85 [139] 
Softwood Kraft lignin N/A PLA  1,000 10 0.02 0.4 [155,156] 
Yellow poplar Solvent fractionation N/A 1,000 550 ± 96 36.5 ± 2.81 1.3 ± 0.12 [165] 





















Organosolv lignin from 
Alamo switchgrass 
(Panicum virgatum) and 
yellow poplar 
Organosolv fractionation and 
blending of lignin 
 
N/A 1,000 750 42 N/A [164] 
 
Carbon fibres from dry-spinning 
Softwood Kraft lignin Acetylation N/A 1,000 1,040 ± 100 52 ± 2 2.0 ± 0.2 [196–198] 
Softwood lignin Aqueous Lignin Purification 
with hot acids (ALPHA) 
N/A 1,000 1,000-1,300 98 ± 5 1.2-1.4 [201] 
Carbon fibres from wet-spinning 
Softwood Kraft lignin N/A PAN 1,200 1,200 ± 0.1 105.7 ± 3.1 1.1 ± 0.1 [207] 
Grass soda lignin 
(Protobind) 





Table 2.12 Mechanical values of nano-carbon fibres from lignin-based precursor via electro-spinning. 
















Hardwood lignin Methanol fractionation and 
co-polymerised with 
polyacrylonitrile 
PAN  Random mat 
/1,400 





PAN Random mat 
/1,000 
83 ± 17 6.1 ± 0.6 1.4 ± 0.2 [185] 
Softwood lignin Methanol fractionation and 
methanol/methylene 
chloride fractionation 
PEO Random mat 
/1,000 
74.1±14.6 4.1 ± 1.4 3.0 ± 1.1 [146] 
Alkaline lignin Acid precipitation PAN Random mat 
/1,000 
N/A 22 N/A [229] 
Lignin from corn Ethanol fractionation 
And iodine treatment 
PAN Random mat 
/1,400 
89 ± 3 5.3 ± 0.3 1.14 ± 0.03 [231] 
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40 8.0 0.5 [192] 










N/A 4.6 ± 0.75 0.97 ± 0.21 [145] 
Seed coats of 
V.planifolia 
Alkaline extraction N/A Single 
fibre/900 
Modulus in transverse axis: 15.51 GPa. 








2.6 Research Gaps 
 
In this section, a critical assessment of the research gap is summarised from the 
author’s perspective of the literature. 
• Softwood Kraft lignin has a great potential to serve as the precursor for the 
production of carbonised fibres. It has the potential to facilitate the 
production of carbon fibres in the future. 
• Softwood lignin itself has not been spun without blending it with a polymer 
and/or chemical modification; these procedures are generally required for 
producing softwood lignin fibres.  
• Bending lignin with polymers can lead to the formation of defects and voids 
when the fibres are thermo-stabilised and carbonised. 
• The majority of the publications with regard to the production of lignin fibres 
use solvents that are toxic.  
• The effect of the oxidation environment during the thermo-stabilisation of 
fibrous lignin preform has not been investigated in detail. 
• Previous studies have not considered the use of a grounded electrode 
assembly during electro-spinning where the fibres can be heat-treated 
without the need for removing the fibres from the collector. 
 
2.7 Aim and Objectives 
 
The overall aim of this project was to identify and develop the sample preparation 
methods to enable lignin to be electro-spun to produce fibrous preforms that could be 
thermo-stabilised and carbonised.  The specific aim of this project are as follows: 
• To characterise the properties of as-received softwood Kraft lignin, 
(BioChoiceLignin). 




• To develop a protocol to fractionate as-received lignin using acetone. 
• To identify a primary non-toxic solvent and to optimise the electro-spinning of 
lignin without using a polymer blend. 
• To develop and optimise procedures to enable thermo-stabilisation and the 
carbonisation of electro-spun randomly-oriented and aligned lignin fibres.  
• To characterise the physical, thermal and spectral properties of the electro-
spun, thermo-stabilised and carbonised lignin fibres. 
 
2.8 Overview of the Research 
 
The overview of this research is presented in Figure 2.26.  Inorganic content of as-
received lignin was removed by treating with acidified water.  The key parameters 
involved in the experiments were optimised and analysed using the Taguchi design of 
experiment (DoE).  Fractionation of lignin was explored using acetone.  The acetone-
soluble and acetone-insoluble fractions obtained from the fractionation were 
characterised and compared with the as-received lignin. 
Fibre formation using lignin without a polymer blend was studied using100% 
acetone-soluble lignin. This was demonstrated successfully using electro-spinning.  
The electro-spun lignin fibres were heated under different conditions prior to thermo-
stabilisation in order to remove the residual solvent.  During thermo-stabilisation, the 
effects of nitrogen flow and air flow on the fibre morphology, development of chemical 
structure and the thermal properties were investigated.  The Taguchi method was used 
to optimise the carbonisation conditions for the production of carbon fibres.  Finally, 





Figure 2.26 Schematic of the overview of this research. 
(i) Treatment of lignin with acidified water 
As-received softwood Kraft lignin 
(BioChoice®Lignin)
Fibres formation via electro-spinning
Acetone-soluble lignin
(ii) Molecular weight fractionation using acetone
Acetone-insoluble lignin
Use without a polymer blend Blending with a processing aid
Taguchi DoE and analysis on treatment conditions
Acid-treated lignin
Heating of electro-spun acetone-soluble lignin 
to remove the retained solvent
Thermo-stabilisation of electro-spun acetone-soluble lignin fibres
Carbonisation of electro-spun acetone-soluble lignin fibres




The effect of air and nitrogen gases on 
fibres morphology and thermal properties
The effect of drying conditions on fibres morphology 
and thermal properties




2.9 Structure of the Thesis 
 
This thesis has six chapters; the main details in each chapter are described below. 
Chapter 1:  Introduction, aim and objectives of this study are explained and                       
an overview of this work is summarised. 
Chapter 2:  Literature review on carbon fibre and its manufacturing are presented.  
Lignin structure, types of lignin and their extraction methods are 
reviewed.  Previous reports on the use of a lignin precursor for                        
the production of carbonised fibres are compiled and discussed. 
Chapter 3:  Materials, experimental methodologies and characterisation 
techniques are detailed. 
Chapter 4:  Result and discussion − treatment of lignin using acidified water and 
molecular weight fractionation of lignin.  In this chapter the key 
characteristics of as-received lignin are analysed.  Treating                            
as-received lignin with acidified water and fractionation using acetone 
are carried out.  The treated lignins with acidified water and 
fractionated lignins are characterised and compared with the as-
received lignin prior to electro-spinning to produce fibres. 
Chapter 5:  Result and discussion − electro-spinning of acetone-soluble lignin.  In 
this chapter, 100% acetone-soluble lignin without polymer blend is 
used for electro-spinning.  Electro-spun fibres are heated prior to 
thermo-stabilisation and carbonisation.  The effect of thermo-
stabilisation conditions on the fibre morphology, thermal properties 
and chemical composition on the fibre surface are studied.                            
The carbonisation condition is optimised with the Taguchi 
methodology.  The properties of the carbonised lignin fibres are 
investigated. 
Chapter 6:  This chapter contains the conclusions of this research and 







Softwood Kraft lignin (BioChoiceLignin) used in this study was purchased from 
Domtar Corporation, USA.  AR-certified acetone was purchased from Fisher Scientific, 
UK.  72% sulfuric acid (Product number: 45596) was supplied from Alfa Aesar.                       
AR-certified hydrochloric acid, and dimethyl sulfoxide (anhydrous, ≥99.9%), vanillin 
(ReagentPlus®, 99%), polyethylene glycol 400 and potassium bromide (FTIR grade, 
≥99% trace metals basis) were obtained from Sigma-Aldrich, UK.  Sodium chloride 
solution (HI7033), a calibration solution for electrical conductivity measurements was 
purchased from HANNA instruments, UK. 
 
3.2 Treating Lignin with Acidified Water and Fractionation using Acetone 
 
In this study, the treatment methods used for as-received lignin were: (i) treating 
with acidified water; and (ii) fractionation using acetone.  These treatment methods 
were studied to remove inorganic content in the as-received lignin. The experimental 
methods are described in the following sections. 
 
3.2.1 Treatment of Lignin with Acidified Water 
 
The Taguchi orthogonal array experimental design was implemented to investigate 
the key parameters that were known to affect the purity of the resultant lignin.                        
The lowest residual ash content attainable was set as the target.  Four key parameters 
were studied, namely (i) acidic level, (ii) the acidified water-to-lignin ratio, (iii) washing 
time and (iv) the number of cycles.  For each parameter, three levels are set and the 




Table 3.1 The parameters for washing lignin using acidified water and their levels. 
Parameters pH Acidified water-to- 





Level 1 2 5 15 1 
Level 2 4 50 30 3 
Level 3 6 100 60 5 
 
A L9 orthogonal array, representing 34 full factorial experiments was carried out. 
The experimental combinations involving nine experiments are presented in Table 3.2. 
 
Table 3.2 Taguchi design of experiment used in this study to determine the optimum 
parameters for acid-washing lignin. 
Experimental 
number 
pH  Acidified water-to- 





Exp. 1 2 5 15 1 
Exp. 2 2 50 30 3 
Exp. 3 2 100 60 5 
Exp. 4 4 5 30 5 
Exp. 5 4 50 60 1 
Exp. 6 4 100 15 3 
Exp. 7 6 5 60 3 
Exp. 8 6 50 15 5 




As-received lignin was sieved through a 40-mesh (model woven wire mesh sieves, 
Retsch (UK) Ltd., UK) to obtain particle sizes smaller than 400 m.  The sieved-lignin 
was pre-dried in a vacuum oven (Model OVA031, Fistreem Vacuum Oven, UK) at                     
80 °C for six hours prior to treating using acidified water in accordance with                             
the conditions specified in Table 3.2.  Properties of the pre-dried as-received sample 
such as density, particle size, particle shape, thermal properties and molecular weight 
were characterised.  Experimental details for these analytical techniques are described 
in Sections 3.4.1 to 3.4.7. 
The acidified water and lignin were stirred using an overhead stirrer (Pro40 Digital 
Overhead Stirrer, SciQuip, UK).  The overhead stirrer consisting of a variable-speed 
motor that was attached to a polytetrafluoroethylene (PTFE) shaft with a PTFE-coated 
paddle.  The stirrer was operated at 200 rpm.  After treating with the acidified water, 
the lignin suspension was filtrated using 1 m glass filter (Whatmanglass microfibre, 
Grade GF/B, Sigma-Aldrich, UK) and washed several times with deionised water until 
the lignin dispersion reached pH7.  The pH neutral lignin from each experiment was 
dried in a vacuum oven at 80 °C for six hours and stored in an airtight container until 
required.  A summary of the procedures used for washing the lignin with acidified water 




Figure 3.1 Flow diagrams of the methods used in this study for treating lignin with 
acidified water. 
 
3.2.2 Molecular Weight Fractionation of Lignin using Acetone 
 
Figure 3.2 shows a flow diagram of the procedures used for the fractionation of lignin 
using acetone.  Prior to refluxing, the as-received lignin was dried at 80 °C in a vacuum 
oven for six hours.  100 g of the pre-dried lignin sample was introduced to a three-neck 
round-bottom flask along with 1,500 ml of acetone.  The lignin to acetone ratio was                 
1 g:15 cm3. 
 
As-received lignin
Drying in a vacuum oven at 80  C for six hours
Treating lignin with acidified water with regard to 
the Taguchi DoE. Key parameters include of
• Acidic level
• Acidified water-to-lignin ratio
• Washing times
• Number of cycles
Lignin treated with acidified water




Figure 3.2 Flow diagrams of fractionation lignin using acetone. 
 
The round-bottom flask was positioned and secured in a temperature-regulated 
water bath (Techne TE-10D Heater Circulator, UK).  The experimental set-up for 
refluxing the lignin is illustrated in Figure 3.3.  The refluxing was performed at 55 °C 




Drying in a vacuum oven at 80  C for six hours











Figure 3.3 Schematic illustration of the set-up for the fractionation of lignin using 
acetone. 
 
The lignin-soluble fraction was filtrated using a glass filter paper with 1 µm pore 
diameter (Whatmanglass microfibre, Grade GF/B, Sigma-Aldrich, UK).  The filtrate 
was processed to remove the acetone using a rotary evaporator (Buchi Rotavapor-
R, Brinkman, Switzerland) equipped with a vacuum pump (Vacuubrand MD 1C VARIO 
with CVC3000 vacuum controller, Germany) and a dry ice solvent trap.  Photographs 
of the apparatus are showed in Figure 3.4.  During the evaporation of acetone,                      
the water bath of the rotary evaporator was maintained at 53  2 °C and at a vacuum 
level of 300 mbar.  The soluble-lignin fraction obtained was dried in a vacuum oven at 
80 °C for six hours and transferred to a silica gel-loaded desiccator to cool to room 
temperature.  The mass of acetone-soluble lignin was recorded and the yield was 
calculated.  The same procedure was applied to the acetone-insoluble fraction.  After 
weighing, the lignins obtained from fractionation were stored in airtight sample vials for 






v. Inlet needle for 












Figure 3.4 Photographs showing the apparatus used for the evaporation of acetone: 
(a) vacuum pump with dry ice condenser; and (b) rotary evaporator. 
  
3.2.3 Determination of the Lignin Content and Composition 
 
The lignin content can indicate the purity of the lignin. In the current study, a key 
aspect was to identify and determine the effectiveness of specified methods for treating 
lignin. The lignin samples used in this study were: (i) as-received lignin; (ii) acetone-
soluble lignin; (iii) acetone-insoluble lignin; and (iv) lignins treated with acidified water.  
These samples were analysed using the procedures outlined in Figure 3.5.  Sample 
preparation was in accordance with the TAPPI method T257 cm-02 [237].  The lignin 
was ground and sieved using a 40-mesh screen in order to obtain particle size smaller 











i. Vacuum port inlet
ii. Water condenser
iii. Rotating controller
iv. 250 ml single neck round 
bottom flask
v. Water bath with 
temperature controller
vi. Thermocouple 
vii. Solvent collection flask
viii. Solvent trap with dry ice 
condenser






Figure 3.5 Flow diagram presenting the steps for determining the lignin content and 
composition. 
 
The protocol used for determining the moisture content, ash content, fractions of 
acid-soluble and acid-insoluble lignins are explained in the following sections. 
  
Sampling procedure followed: TAPPI T257 cm-02,
sieve through 400 mesh
Lignin samples
Determination of the moisture content
in accordance with TAPPI T264 cm-07 
by drying at 105  C  until a constant weight is achieved
Determination of the ash content
in accordance with TAPPI T211 om-02 





Acid-insoluble lignin or 
Klason lignin
in accordance with 
TAPPI T222 om-02
Acid-soluble lignin 







3.2.3.1 Determination of the Moisture Content 
 
The measurement of moisture content was carried out by following the method 
specified in TAPPI T264 cm-07 [238].  Sieved-lignin sample mass (2 g) was weighed 
to the nearest milligram and stored in a tared sample vial prior to drying in an oven at 
105  3 °C for two hours.  After two hours of drying, the sample vial was taken from 
the oven and capped with a stopper.  The airtight vial was cooled in a desiccator.  
Before weighing the sample, the stopper was opened momentarily to equalise the air 
pressure.  The sample vial was replaced in the oven for one hour followed by cooling 
to room temperature and re-weighing.  When the weights did not change by more than 
0.002 g, the moisture content (%) was calculated using Equation 3.1 [238]: 
 
Moisture content (%) =





3.2.3.2 Determination of the Ash Content 
 
The ash content was determined in accordance with TAPPI T211 om-02 standard 
via combustion at 525 °C [239].  Empty porcelain crucibles with lids were placed in            
a muffle furnace (Carbolite RHF16, UK) at 525 ± 25 °C for four hours.  The crucibles 
were allowed to cool in the furnace to 100 °C and placed in a desiccator where they 
were cooled to room temperature to minimise moisture absorption.  The heat-treated 
crucibles were then weighed on an analytical balance with a precision of 0.1 mg.  
Approximately 1.0 g of moisture-free samples of lignin were placed in each of                     
the aforesaid crucibles.  These crucibles without lids were replaced in the muffle 
furnace and pre-heated to 100 °C for one hour.  The lids were then put over                             
the crucibles and the temperature was raised to 525 °C, so that the samples were 
subjected to combustion without flaming.  The lids were removed from the crucibles 
when the temperature was 525 ± 25 °C.  When the lignin samples were completely 
combusted, as indicated by the disappearance of black particles, the crucibles were 
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removed from the furnace and allowed to cool to room temperature in a desiccator.  
The crucibles with the ash were weighed and the ash content was determined using 
Equation 3.2 [239]: 
 
Ash content (%) =
Mass of ash
Mass of moisture−free sample
× 100 Equation 3.2 
  
3.2.3.3 Klason or Acid-insoluble Lignin 
 
The Klason lignin content was determined in accordance with TAPPI T222 om-02 
standard [240].  Lignin samples (1  0.1 g) were weighed and placed in a 100 cm3 
beaker.  The beaker containing the samples was kept in a water bath which maintained 
the temperature at 2 °C ± 1°C.  15 cm3 of 72% sulphuric acid was dispensed gradually 
into the beaker.  The lignin powder was dispersed in the sulphuric acid by stirring with 
a glass rod. 
Then the beaker containing this mixture was kept in a water bath at 20± 1 °C and 
covered with a watch glass for two hours.  During this step, the dispersed sample was 
stirred frequently.  Subsequently, the dispersed sample was transferred to a 1L flask.  
The sample was diluted with 560 ml deionised water to obtain a total volume of                        
575 cm3 or 3% concentration of sulphuric acid.  Then the solution was refluxed for four 
hours at 100 °C.  The solution was cooled, allowing the acid-insoluble component to 
settle overnight.  The acid-insoluble lignin was filtered using a Buchner funnel through 
a 1 m pore glass filter.  The soluble component (supernatant) was collected to 
quantify the amount of acid-soluble lignin as described in Section 3.2.3.4. 
The acid-insoluble lignin was neutralised by washing with hot deionised water.                 
The samples were dried at 105 ± 3 °C in an air-circulating oven (Gallenkamp Oven, 
UK) until the sample weight attained a constant value.  The acid-insoluble lignin 




Acid−insoluble lignin (%) =
Mass of acid−insoluble lignin
Initial mass 
× 100 Equation 3.3 
 
3.2.3.4 Acid-soluble Lignin 
 
UV/Visible spectrophotometer A M550 (Chemspec Ltd., UK) was used to analyse 
the acid-soluble lignin.  The filtrated soluble lignin from the acid-insoluble experiment 
was placed in a quartz cuvette (type 1/Q/10, Starna Scientific, UK) with 10 mm path 
length.  A 3% solution of H2SO4 was used as the background.  The absorbance at                 
205 nm was used for quantifying the lignin content. The acceptable band intensity was 
in the range of 0.2–0.7 AU.  In instances where the absorbance was higher than 0.7, 
the solution was diluted with 3% H2SO4.  The acid-soluble content was calculated 
according to TAPPI UM250 using Equation 3.4 [241]: 
 
Acid−soluble lignin (mgg−1) =
A  D  V
a  b  M
× 1000 Equation 3.4 
 
where, 
A = Absorbance at 205 nm,  
D = Dilution factor,  
V = Volume of the lignin solution (l), 
a = Extinction coefficient of lignin, 110 gl-1cm-1,  
b = Cuvette path length (cm), here it is 1 cm,  




3.3 Electro-spinning of Acetone-soluble Lignin 
 
Electro-spinning was employed to fabricate lignin fibres where their diameter was 
on the sub-micrometre scale. Acetone-soluble lignin was used as the main raw 
material for the production of electro-spun lignin fibres. The following sub-section 
details the step that were developed to produce carbonised lignin fibres.   
 
3.3.1 Preparation of Acetone-soluble Lignin Solutions 
 
Acetone-soluble lignin was dissolved in a binary solvent of acetone and DMSO.   
The binary solvent was prepared using a volume-to-volume (v/v) ratio of 2:1 of acetone 
and DMSO.  The criteria for the selection of these two solvents will be discussed in 
Chapter 5. The following lignin concentrations were used: 45 wt%, 48 wt%, 53 wt% 
and 58 wt%.  A reflux unit was used for dissolving lignin.  A schematic of the reflux  
set-up is given in Figure 3.6.  A 250 cm3 three-neck round bottom flask was used.              
The top centre neck was attached to a water condenser; one neck was used for 
bubbling the inert gas at a flow rate of 20 mlminute-1; and the other neck served as 
the insert for the thermocouple.  A magnetic stirrer was employed for stirring                            
the solution at room temperature for five hours.  The solutions were stored in an airtight 
container prior to the measuring the viscosity and conductivity.  The details of                        
the measurements of viscosity and conductivity of the solution are described in Section 





Figure 3.6 Schematic set-up of reflux unit for lignin dissolving. 
 
3.3.2 Electro-spinning of Acetone-soluble Lignin Fibres 
 
3.3.2.1 Electro-spinning of Randomly Aligned Acetone-soluble Lignin 
Fibres 
 
Figure 3.7 shows the custom-built electro-spinner and the main components are 
defined.  A copper plate of dimensions 10 cm x 10 cm was grounded and used to 
collect the randomly oriented fibres, otherwise referred to as a random mat.                           
The vertical distance between the needle tip to the surface of the collector plate was 
12 cm.  A controlled solution feed rate of 0.1 lminute-1 was maintained using a liquid 
dispensing unit (model 941-371-1003, World Precision Instruments, UK).                               
The dispenser was connected to a 5 cm3 disposable plastic syringe (Terumo®, UK) 
and needle a flat-tip 25 G (0.254 mm inner diameter) stainless steel needle (Part 
number AD 725050, Adhesive Dispensing Ltd, UK) via a PTFE tubing (Masterflex 





v. Inlet needle for 














terminal of a high-voltage power supply (Variable High Voltage DC Power Supply, 
73030, Genvolt Ltd., UK).  An operating voltage of 12 kV was applied between                      
the needle and the grounded collector plate.  During electro-spinning the air 
temperature within the chamber was maintained between 30 and 35 °C.                                   
The electro-spun fibres were collected for three minutes. 
 
 












i. Screw-driven liquid delivery system
ii. Syringe
iii. PTFE tube with Luer-lock fitting
iv. Support arm
v. Wire connection box
vi. Flat-tip metal needle
vii. Positive charged electrode
viii. 10 x 10 cm2 copper plate
ix. Ground electrode




3.3.2.2 Electro-spinning of Aligned Acetone-soluble Lignin Fibres 
 
Figure 3.8 shows a schematic illustration of a modified collector electrode to enable 
the production of aligned fibres, relatively parallel to each other.  The electrode was 
comprised of a U-shaped graphite structure. The graphite was covered with                            
an adhesive-backed PTFE insulation sheet except along the top inner edges on the 
left and right sides and the bottom side.  The two exposed edges acted as a pair of 
parallel electrodes and the gap (3.6 cm) in between was where the fibres were 
collected parallel to each other but perpendicular to the edges.  The graphite was 
assembled with 3 mm thick polystyrene (PS) plate with a rectangular slot and another 
PS strip was placed in between parallel electrodes (see Figure 3.8 (a) and (b)).                     
The assembled graphite electrode was placed on the copper plate position shown in 
Figure 3.8 (c), so the bottom side of the modified U-shaped electrode with exposed 
parallel edges was kept in electrical contact with the grounded copper plate.                          
The vertical distance from the needle tip to the level of the two parallel edges was 12 
cm.  A solution feed rate of 0.1 lminute-1 was maintained and the operating voltage 
between the needle and the grounded plate was 12 kV.  During electro-spinning                    
the air chamber was maintained between 30 and 35 °C.  Figure 3.8 (d) shows                       





Figure 3.8 Schematic illustration of the modified parallel electrodes for producing 
highly-aligned electro-spun lignin fibres: (a) modified-graphite U-shaped electrode; 
(b) components of the modified U-shaped graphite and insulating polystyrene                 
strip-PS; (c) the assembled electrode assembly with the insulating strip; and (d) 
orientation of the aligned electro-spun lignin fibres. 
 
3.3.3 Heating of Electro-spun Acetone-soluble Lignin Fibres to Remove 
Acetone and DMSO 
 
After electro-spinning, the electro-spun fibres were subjected to a drying regime to 
remove any residual solvent prior to thermo-stabilisation and carbonisation.  A flow 
diagram showing the heating experimental procedures is given in Figure 3.9.                       
The heating methods investigated were as follows: (i) heating in an air-circulating oven; 
(ii) heating in a nitrogen flow oven; and (iii) heating in a vacuum oven.  The electro-
spun fibres were placed in an oven where the desired gas flows through via inlet and 
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outlet ports with a controlled flow of 50 mlminute-1.  Figure 3.10 illustrates                               
the experiment set up for heat treatment of electro-spun acetone-soluble lignin fibres.  
The dried-air (UN 1002, BOC, UK) and purified nitrogen (oxygen-free, pure (99.999%) 
nitrogen, BOC, UK) were used.  The drying temperatures used were 100 C, 140 C, 
180 C and 200 C for six hours. 
 
 
Figure 3.9 A flow diagram indicating the heating environments for the electro-spun 
acetone-soluble lignin fibres prior to oxidative thermo-stabilisation. 
 
Heating of the electro-spun acetone-soluble lignin fibres to remove acetone and DMSO
Electro-spun acetone-soluble lignin fibres
(i) Heating in 
an air-circulating oven
(ii) Heating in 
a nitrogen-circulating  oven
(iii) Heating in 
a vacuum oven




Figure 3.10 Schematic illustration of the experimental set up for heat treatment of 
electro-spun acetone-soluble lignin fibres. 
 
The morphology of the resultant fibres was studied using a scanning electron 
microscope (SEM, Hitachi 3030, Japan).  Prior to undertaking inspecting the samples, 
they were sputter-coated with a gold as described in Section 3.4.3.  Fibre diameter 
distribution was measured using ImageJ software (version 1.52p).  The comparison of 
fibre diameters was conducted by ANOVA using Minitab18 at a significance level,                 
p-value, of 0.05. 
Fourier Transform Infrared (FTIR) spectroscopy was used to characterise                    
the heated electro-spun acetone-soluble lignin fibres collected from different heating 
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ii. Compressed dried-air gas cylinder
iii. Valve
iv. Three-way valve
v. Gas flow metre
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3.3.4 Thermo-stabilisation of Electro-spun Acetone-soluble Lignin Fibres 
 
Thermo-stabilisation experiments were conducted in an alumina tube furnace 
(PYRO THERM Furnaces, UK).  A sacrificial alumina tube (ALM4638, Almath 
Crucibles Ltd., UK) with inner and outer diameters of 38 and 46 mm, respectively and 
length of 1,500 mm was inserted into the tube furnace.  The electro-spun fibres heated 
in a vacuum oven at 140C for six hours were placed on a graphite crucible and heated 
from room temperature to dwell isothermally at 100 C, 150 C and 250 C for one hour 
at each temperature.  The heating rate was 0.5 Kminute-1.  A schematic illustration of 
the heating and dwell regimes is shown in Figure 3.11. 
 
 
Figure 3.11 Illustration of the heating rate and dwell periods that were used for                  
the thermo-stabilisation experiments.  The red circles represent the time when 
































Flow rate of compressed dried-air or purified nitrogen was maintained at                               
50 mlminute-1to study their effect of the gaseous atmosphere during thermo-
stabilisation on the fibre morphology, thermal properties and chemical structure.                   
The effluent gases were bubbled through a sodium carbonate solution prior to release 
to atmosphere through a local extract and ventilation system.  A schematic illustration 
of the experimental set up is illustrated in Figure 3.12 and a photograph of PYRO 
THERM furnaces assembly with metal flanges is presented in Figure 3.13 . 
 
 
Figure 3.12 Schematic illustration of the experimental set up for the thermo-
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Figure 3.13 Photograph of PYRO THERM furnaces used in this study. 
 
The samples were removed from the furnace at 150 C, 180 C, 200 C, 220 C and 
250 C, as indicated by the red circle in Figure 3.11.  Change in the fibre morphology 
was observed using SEM.  The effects of the thermo-stabilisation conditions on thermal 
properties and the surface chemical composition were studied using, FTIR 
spectroscopy, differential scanning calorimetry (DSC) and X-ray photoelectron 
spectroscopy (XPS).  Experimental details for these analytical techniques are 
described in Sections 3.4.4, 3.4.5 and 3.4.10, respectively. 
 
3.3.5 Carbonisation of Electro-spun Acetone-soluble Lignin Fibres 
 
The temperature gradient in the PYRO THERM furnace was assessed prior to 
undertaking the carbonisation studies.  The temperature was measured by platinum 
rhodium thermocouples (R Type) and recorded using Pico TC-08 and Picolog Data 
Logging Software (Pico Technology, UK).  The centre of the furnace tube,                            
the distance was defined as the reference position “0”.  The temperature gradient was 
measured from the centre in 10 cm increments.  A schematic illustration of the 





Figure 3.14 Schematic illustration of the experimental set up for measuring                      
the temperature gradient in the PYRO THERM furnace. 
 
The flow purified nitrogen gas through the furnace was set as 50 mlminute-1.                   
The temperature controller was programmed to heat from room temperature to 
1,500C at 5 Kminute-1.  Once the temperature was reached, the thermocouple was 
withdrawn by 10 cm from the centre of the furnace.  A dwell time at each measuring 
position was five minutes for the temperature to equilibrate before collecting data.  This 
procedure was recorded until the thermocouple was withdrawn by 60 cm from                        
the centre of the furnace.  The measured temperature gradient of the furnace at                      
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Figure 3.15 Temperature profile of the tube furnace used for thermo-stabilisation and 
carbonisation experiments. 
 
The experimental set up for the temperature measurement at different heating rates 
used (2, 5 and 10 Kminute-1) was the same as the set up for the temperature gradient 
measurement (see Figure 3.14).  The thermocouple was placed at the centre of                      
the furnace tube, the temperature was recorded with a function of time.  A plot of                   
the heating time versus temperature at 2, 5 and 10 Kminute-1 are presented in Figure 
3.16 (a), (b) and (c), respectively.  The discontinuous red line represents the linear 




























Figure 3.16 Calibration curves for the PYRO THERM tube furnace at the centre of 
the furnace using heating rates of: (a) 2; (b) 5; and (c) 10 Kminute-1. 










































































With reference to the carbonisation experiment, the electro-spun acetone-soluble 
lignin fibres heated in vacuum oven at 140 C for six hours were transferred to                       
a graphite crucible and placed at the centre of the furnace.  The samples were heated 
from room temperature to dwell isothermally at 100 C, 150 C and 250 C for one hour 
at each temperature.  The heating rate was constant at 0.5 Kminute-1 under an air flow 
of 50 mlminute-1.  After thermo-stabilisation, the gas was switched from                           
the compressed dried-air to purified nitrogen.  The nitrogen flow was maintained for                   
15 minutes before turning on the heater in order to remove air from the furnace tube.  
The carbonisation experiments were conducted with a nitrogen flow rate of                              
50 mlminute-1. 
The operating for the carbonisation experiments were derived using the Taguchi 
experimental design method.  The key parameters assumed to affect the resultant 
carbon fibres were: (i) the heating rate; (ii) carbonisation temperature; and (iii) the dwell 
times.  The details of these experiments and the nine experiments are detailed in Table 
3.3. 
 
Table 3.3 Taguchi design of experiments for the carbonisation of electro-spun 









Exp. 1 2.5 1,000 0 
Exp. 2 2.5 1,200 1 
Exp. 3 2.5 1,500 3 
Exp. 4 5.0 1,000 1 
Exp. 5 5.0 1,200 3 
Exp. 6 5.0 1,500 0 
Exp. 7 10.0 1,000 3 
Exp. 8 10.0 1,200 0 




The morphology and composition of the resultant carbon fibres were determined by 
using SEM and Raman spectroscopy, respectively.  The graphitic structure formed 
during carbonisation was studied using the latter technique.  The optimum conditions 
for the carbonisation of electro-spun lignin fibres was derived using Taguchi analyses 
and an analysis of Variance (ANOVA). 
The effect of carbonisation temperatures (1,000 C, 1,200 C and 1,500 C) was 
studied at the constant heating rate at 2.5 Kminute-1 and a dwell time one hour.  After 
carbonisation, the morphology of the carbonised fibres was observed using SEM.                 
The chemical composition on the fibre surface was characterised using XPS.                        
The crystalline structures of the carbonised fibres were observed by X-ray diffraction 
(XRD).  Raman spectroscopy was used to investigate the graphitic structure of                     
the carbonised fibres.  Atomic force microscope (AFM) was employed to measure                  
the surface roughness of the fibres.  Details of these analytical techniques are 
described in Section 3.4.3, 3.4.10, 3.4.11, 3.4.12 and 3.4.13, respectively. 
 
3.3.6 Electro-spinning of Acetone-soluble Lignin with Processing Aids 
 
In the previous sections, the acetone-soluble lignin was electro-spun without any 
processing aids.  In the current study, the feasibility of using vanillin and polyethylene 
glycol (PEG) as a processing aid was investigated in order to improve the uniformity 
of the electro-spun fibres.  The effects of the processing aid content on the glass 
transition temperature (Tg) of acetone-soluble lignin were studied.  53 wt% of                 
acetone-soluble lignin was dissolved in a binary solvent of acetone and DMSO with a 
volume to volume (v/v) ratio of 2:1 of acetone and DMSO prior to the adding of                      
the processing aid.  A procedure for the preparation of the lignin solution was described 
in Section 3.3.1. 
Vanillin was added to acetone-soluble lignin in the range from 0 to 2.0 g per 100 g 
of lignin (parts per hundred parts, phr).  In the case of PEG, different concentrations 
(2.5, 5.0, 7.5 and 10.0 phr) were studied.  For example, at the 2.0 phr of vanillin, 0.06 
g of vanillin was added into was added into the lignin solution containing 3 g of lignin 
after the lignin was fully dissolved.  A magnetic stirrer was used for stirring the solution 
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at room temperature for five hours.  The lignin solution with the processing aid was 
transferred into an airtight vial and stored until required for electro-spinning.                         
The viscosity and conductivity of the lignin solutions were measured as described in 
Section 3.4.8 and 3.4.9, respectively. 
Random mats of the electro-spun fibres were produced using the procedure 
described in Section 3.3.2.  The fibre morphology of the electro-spun fibres was 
obtained using SEM.  The fibre dimeter was analysed using the ImageJ software.               
The fibres were thermostabilised and carbonised following the procedure detailed in 
Sections 3.3.4 and 3.3.5. 
 
3.4 Characterisation Techniques 
 
3.4.1 Helium Gas Pycnometer 
 
The densities of the as-received lignin and fibres were determined using a gas 
pycnometer (AccuPyc II 1340) from Micromeritics Instrument Corporation, USA.  
Approximately 0.5 g of the pre-dried sample was placed in an aluminium crucible of 
known volume of 1.3345 cm3, which is defined as Vcell in Equation 3.5 and weighed 
using a four-digit analytical balance.  The crucible containing the sample was placed 
in a cell of the measurement chamber.  The chamber was closed, and helium gas was 
introduced to the sample chamber with a flow rate of 137.9 Paminute-1 until it rose to 
19.5 MPa (P1).  After it equilibrated at the 0.13 MPa, the gas was released to                           
an expansion cell (Vexp) with a known volume of 0.9161 cm3; this resulted in                           
the pressure decreasing.  The drop-in pressure was recorded as P2.  Three samples 
of lignin were measured, and five cycles were conducted for each sample.  The volume 
of the sample (Vsample) was calculated using Equation 3.5 and the density of the sample 
was calculated by dividing the mass of the sample by its volume.  Three samples of 













3.4.2 Laser Particle Size Analysis 
 
The particle size distribution of lignin was studied using a laser diffractometer 
(Mastersizer 2000, Malvern Instruments Ltd, UK) that was attached to a liquid 
dispersion unit, which consists of a pump and stirrer.  The speed of the stirrer was 
maintained at 1,700 rpm.  2.5% (w/v) of the lignin sample was dispersed in distilled 
water and sonicated for three minutes using a 60 W ultrasonic homogeniser before 
being loaded into the liquid dispersion unit.  The value of “obscurance” was set 
between 10 to 30% and the refractive indices of the lignin and water were 1.6 and 1.33, 
respectively.  Three samples of lignin were measured, and five cycles were conducted 
for each sample. 
 
3.4.3 Scanning Electron Microscopy 
 
A scanning electron microscope (SEM, Hitachi 3030, Japan) was used to 
characterise the fibre morphology.  In order to observe the cross-sectional views of   
the fibres, they were fractured under liquid nitrogen.  The samples were gold-coated 
for three minutes and observed at an accelerating voltage of 15 kV.  Philips XL-30 FEG 
Environmental SEM with Oxford Inca EDS was used for observation of cross-sectional 
view of electro-spun fibres. 10 kV accelerated voltage was used. 
 
3.4.4 Fourier Transform Infrared Spectroscopy  
 
Fourier Transform Infrared Spectroscopy (FTIR) was used to identify and analyse 
the functional groups present in as-received lignin and treated lignins. Changes in the 
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functional groups in lignin after thermo-stabilisation was also investigated.  FTIR 
spectroscopy of the lignin samples was carried out using a Thermo Scientific Nicolet 
870 spectrometer.  200 mg of pre-dried potassium bromide (KBr) and 1 mg of pre-
dried lignin samples were ground and pressed into a disc with a diameter of 13 mm 
and a thickness of 0.6 mm.  All the samples were measured in the transmission mode.  
The FTIR spectra were acquired using an average of 100 scans at a resolution of 4 
cm-1 in the wavelength range of 4,000 to 400 cm-1.  Omnic 8.1 software was used to 
analyse the spectra. 
 
3.4.5 Differential Scanning Calorimetry 
 
The thermal properties of lignin used in this current work were analysed using 
differential scanning calorimetry. Moreover, changes in thermal characteristics of the 
lignins after thermo-stabilisation was studied. The thermograms for lignin were 
obtained using a Mettler Toledo differential scanning calorimeter (DSC-1, METTLER 
TOLEDO Ltd., UK) and DSC 7 (PerkinElmer Inc, UK).  Approximately 5.0  0.5 mg of 
the as-received lignin and the lignin produced in this study were placed in 40 l 
aluminium pans.  In the first scan, the lignin samples were heated from 25 °C to 250 
°C at a heating rate of 10 Kminute-1 and kept isothermal for three minutes.  Then, the 
samples were cooled to 25 °C at the cooling rate of 10 Kminute-1 and held for three 
minutes.  The second and third scans were performed in the same step as the first 
scan.  During all the scans, the samples were maintained under nitrogen atmosphere 
at a flow rate of 20 mlminute-1.  Prior to conducting the experiments, the instruments 
were calibrated using pure indium and tin.  At least two samples of lignin were 
measured per type of lignin. 
 
3.4.6 Thermo-gravimetric Analysis 
 
Thermo-gravimetric Analysis (TGA) was performed using a NETZSCH STA 449C 
(Germany) equipment.  10 mg samples were used in each experiment.                                      
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The thermograms were collected as the sample was ramped from 25 °C to 900 °C at            
10 Kminute-1 in an argon atmosphere, maintained at a flow rate of 50 mlminute-1.  Two 
samples of lignin were evaluated for each type of lignin. The residual char was 
determined from the TGA thermogram; this gives an indication of the carbon and 
inorganic content after pyrolysing the lignin fibres at 900 °C in an inert atmosphere. 
 
3.4.7 Gel Permeation Chromatography 
 
The molecular weight and polydispersity index of the as-received and acetone-
soluble lignin samples were determined by using a gel permeation chromatography 
(GPC) (Agilent 1260 Infinity II Multi-Detector).  This was undertaken in order to 
determine the molecular weight distribution in fractionated as-received lignin using 
acetone.  This was carried out at Science City Research Alliance, The University of 
Warwick by S. S. Lawton and D. W. Lester.  This system was equipped with PLgel 5 
µm mixed D columns (300 x 7.5 mm) and a PLgel 5 µm guard column.  The lignins 
were dissolved in DMF at a concentration of 0.1 mgml-1 and filtered through 0.22 µm 




The viscosity of the solutions was determined using a parallel-plate rheometer 
(Discovery Hybrid Rheometer, model HR-1, UK).  40 mm diameter plates were 
employed in this study.  The viscosity was measured by subjecting the sample to                   
a shear rate in the range 0.1 to 100 s-1 at 30 °C.  A solvent trap was used for minimising 
the evaporation of acetone during the measurements.  Three samples were measured 
per type of lignin. 
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3.4.9 Electrical Conductivity 
 
The conductivity of the solutions was measured using a Jenway 4510 Conductivity 
Meter (UK).  Prior to obtaining the measurements, the equipment was calibrated at                 
25 °C using a standard solution of sodium chloride (HI7033) supplied by HANNA 
Instruments.  A glass vial containing the polymer solution was immerged in                                
a temperature controllable water bath (Grant Instruments GD100, UK) in order to 
measure the conductivity at 25 ± 1°C.  
 
3.4.10 X-ray Photoelectron Spectroscopy 
 
X-ray Photoelectron Spectroscopy (XPS) analyses were performed on a Kratos Axis 
SupraTM, (Shimazu Group Company, Kratos Analytical Ltd, UK), which was equipped 
with a monochromator Al Kα X-ray source (hv = 1486.6 eV).  The analysis of XPS 
spectra was undertaken to study the changes in chemical structure of lignin after 
thermo-stabilisation. The sample was placed on a double-sided carbon tape before 
being inserted into a multi-specimen holder; the pressure in the analysis chamber was 
10-6 Pa.  The energy used for the wide survey scan was 160 eV and 40 eV for the 
narrow or high-resolution scan, which was used for the spectra of C1s and O1s. 
Spectral deconvolution was performed with the CasaXPS program.  C1s spectrum 
was deconvoluted using a Shirley type background and curve fitted using a mixed 
function of Gaussian/Lorentzian (70/30).  The full width at half maximum (FWHM) of 
the deconvoluted components was consistent.  The C-C component of the C1s 
spectrum of carbon (at 285.0 eV) was used to set the binding energy scale.  Atomic 
fraction was calculated based on the peak area of each components. 
 
3.4.11 Raman Spectroscopy 
 
Inelastic scattering in the carbonised lignin fibres was measured using a Raman 
spectrometer (Renishaw RE-04, UK), equipped with a 488 nm diode laser. The 
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analysed area was observed through a microscope at a magnification of 50x. A total 
of 10 accumulation per sample were collected at 10% laser power in the range of 320-
3,200 cm-1 over an exposure time of 10 seconds.  A 2,400 linesmm-1 grating was used 
as a filter.  Two tests were carried out for each carbonised sample.  
 
3.4.12 Atomic Force Microscope 
 
The fibre topology and surface roughness of the carbonised lignin fibres were 
determined using an atomic force microscope (AFM), BRUKER Innova®, USA.  The 
topological images were obtained using the tapping mode in air, at room temperature.  
A BRUKER® RTESPA-300 silicon probe with an 8 nm tip radius was used; the resonant 
frequency and spring constant of the cantilever were 300 kHz and 40 Nm-1, 
respectively.  High-magnification topological images were obtained over an area of 20 
μm × 20 μm.  The digital resolution of the images was 256 × 256 points.  The average 
roughness (Ra) data were analysed by Gwyddion software [242].  The Ra data were 
acquired by randomly applying a linear line with 8 μm length along the fibre surface 
and the average value of Ra was obtained by three repeated measurements. 
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4. TREATMENT OF LIGNIN USING ACIDIFIED WATER AND 




Amongst the variety of lignins that are available, softwood Kraft lignin was chosen 
as the raw material due to its abundance and low-cost (£68/kg) as compared to with 
other commercially available types of lignin such as Sigma-Aldrich lignin, CAS Number 
8068-05-1, (£304/kg) [243–245].This chapter provides a comparison between two 
methods that were used for removing the inorganic content from as-received lignin. 
The method with the lowest inorganic content was used for fibre-spinning without the 
need for polymer blending or chemical modification.  
As-received lignin (BioChoicelignin) was characterised and used as the reference 
point or benchmark for subsequent treatments and characterisation studies.  The 
techniques used for treating the lignin are: (a) treatment with acidified water; and (b) 
molecular weight fractionation using acetone.  Treating lignin with aqueous 
hydrochloric acid has been reported as a  method for removing inorganics [77], whilst 
fractionation using organic solvents has been used to obtain different molecular weight 
fractions [124,246].  With reference to acid-treatment, a Taguchi-based design of 
experiments (DoE) was used to define the optimum combination of parameters in order 
to reduce the ash content after pyrolysis [247].  The four key parameters chosen are: 
(i) the pH; (ii) the ratio of the lignin-to-acid concentration; (iii) washing time; and (iv) the 
number of washing cycles.  These parameters were set as the controllable variables.  
The optimal combination of parameters was defined as the one that resulted in a 
reduced ash content. 
The fractionation of lignin using acetone was carried out to obtain a specific 
molecular weight distribution.  The acetone-soluble and acetone-insoluble lignins were 




4.2 Characterisation of As-received BioChoiceLignin  
 
4.2.1 Physical Properties of As-received BioChoiceLignin 
 
Figure 4.1 shows the visual appearance of the as-received lignin, BioChoicelignin, 
purchased from the Domtar Corporation.  The moisture content in the lignin was 
determined using the TAPPI T264-cm-07 standard by drying it in an air-circulating oven 
at 105 ± 3 °C for two hours.  The moisture content was found to be 28.4 ± 0.8%.  
Tomani, (2010) reported the moisture content of softwood Kraft lignin obtained by 
LignoBoost  as being 32.3% [94] which was close to the results obtained in this work. 



















Mw         
(gmol-1) 
PDI References 
Indulin AT Softwood Kraft 4.5 2-4 6,000-8,000 4-9 [32,97,104,111] 
BioChoice Softwood Kraft and 
LignoBoost 
32 1.36 5,200-6,700 3-7 [32,94,98,105] 
InnoForce Softwood Kraft and 
LignoForce 
5 0.1-1.5 6,000 3-4 [96,99,100] 
Alcell Hardwood Organosolv 2 0.1 1,300-3,900 2 [73,82,89,90,101–
103] 
Protobind Wheat straw Alkaline 6.5 1-1.6 2,000-5,000 3-4 [97,111,244,248] 
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SEM micrographs of the as-received lignin are showed in Figure 4.2 where                       
the particles are seen to be irregular, agglomerated and inhomogeneous with regard 
to the particle size distribution.  Figure 4.2 (a), shows that the agglomerate varied from 
a few microns up to 50 µm.  The agglomerates consist of spherical granules combining 
to form particle with irregular shape.  The surface of the spherical particle are smooth 
as shown in Figure 4.2 (b) and Figure 4.2 (c). 
 
 
Figure 4.2 SEM micrographs of as-received lignin at a range of magnifications. 
 
The particle size distribution of the pre-dried as-received lignin was determined 
following the procedure described in Section 3.4.2.  Figure 4.3 displays a bi-modal 





and d(0.9) are  commonly used to describe the particle size [249].  In this current study, 
they are 2.5 ± 0.0 μm, 13.2 ± 0.2 μm and 57.5 ± 0.3 μm, respectively.  For example, 
d(0.5) indicates that  50% of the sample comprises particles with a diameter  smaller 
than 13.2 μm.  The obtained d(0.9) value shows a good correlation with the morphology 
observed by SEM.  The particle size distribution as defined by Equation 4.1[250] is 
4.16:  
 
Particle size distribution =
d(0.9) − d(0.1)
d(0.5)
 Equation 4.1 
 
 
Figure 4.3 Particle size distribution of as-received lignin obtained using a laser 
particle size analyser. 
 
The average density of the as-received lignin particles was measured using a gas 



























density of as-received lignin is 1.39 ± 0.01 x 103 kgm-3 and is close to the data reported 
in the literature, which is 1.350 to 1.397 x 103 kgm-3 [251,252].  
 
4.2.2 Molecular Weight Distribution of As-received BioChoiceLignin  
 
Gel permeation chromatography (GPC) analysis of the lignin was carried out by 
Science City Research Alliance, The University of Warwick.  The pre-dried as-received 
lignin was dissolved in dimethylformamide (DMF).  A broad distribution profile of 
molecular weight with an additional high molecular weight shoulder is seen in        
Figure 4.4.  The weight-average molecular weight (Mw) and number-average molecular 
weight (Mn) were determined based on using polymethyl methacrylate (PMMA) as             
the calibration polymer.  The Mw and Mn are 6,000 ± 283 gmol-1and                                          
2,700 ± 141 gmol-1, respectively.  The polydispersity index (PDI) from the relationship 
of Mw/Mn for the as-received lignin is 2.22.  With reference to Table 4.1, the Mw and Mn 
obtained in this current work show a good correlation with those reported in the 





Figure 4.4 Molecular weight distribution curves for pre-dried as-received lignin 
samples as determined by GPC.  
 
4.2.3 Determination of the Ash Content in As-received BioChoiceLignin 
and Its Elemental Compositions 
 
The ash content in the BioChoicelignin was determined in accordance with                    
the TAPPI T211 om-02 standard.  The lignin samples were heated in an air-circulating 
furnace at 525 °C for four hours.  The elemental composition of the ash was determined 
via energy dispersive X-ray spectroscopy (EDX) attached to the SEM.  The ash content 
of the as-received lignin is 1.195 ± 0.021%.  The ash content in types of lignin reported 
by other researchers is summarised in Table 4.1.  Overall, the ash content reported 
here is similar to that reported in Table 4.1, where softwood Kraft lignin generally shows 
an ash content between 0.1 and 4% [32,94,96–100,104,105]. 
The elemental composition was calculated by using the initial weight of lignin and             





















major components present in the ash at 46% and 42%, respectively.  The presence of 
sulphur in the ash can be attributed to the extraction procedures for Kraft pulping 
involving sodium hydroxide (NaOH) and sodium sulphide (Na2S) and the use of 
sulphuric acid for isolation of lignin [14,26,71,253].  Silicon, magnesium and potassium 
are presented in relatively smaller concentrations of 2% to 5% in the ash.  
 
Table 4.2 A summary of the ash content and the elements present in as-received 





in the ash 




1.195 ± 0.021 Sulphur 0.555 0.066 
Sodium 0.501 0.022 
Silicon 0.068 0.033 
Potassium 0.048 0.002 
Magnesium 0.027 0.009 
 
4.2.4 Lignin Content of As-received BioChoiceLignin 
 
The lignin content was determined using the methods recommended by                              
the Technical Association of the Pulp and Paper Industry (TAPPI).  The relevant 
standards for determining the lignin content in biomass are TAPPI T222 and TAPPI 
UM 250 and the procedure is described in Section 3.2.3.  Lignin content represents 
the purity of lignin which is defined as the sum of the Klason lignin or acid-insoluble 
lignin and acid-soluble lignin.  An UV/Visible spectrophotometer was used to determine 
the acid-soluble lignin concentration where the absorbance at 200-205 nm is said to 
be characteristic of an aromatic lignin unit, as defined in the TAPPI UM 250 
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[86,241,254–256].  Figure 4.5 shows the absorption band for acid-soluble lignin of pre-
dried as-received lignin.  The absorbance at approximately 205 nm was used to 




Figure 4.5 UV/Visible spectra of pre-dried as-received lignin. 
 
The acid-insoluble lignin and acid-soluble lignin content in the as-received lignin are 
92.7 ± 0.9% and 4.4 5 ± 0.01%, respectively and the total lignin content is 97.2 ± 0.9%.  
The Klason lignin and acid-soluble lignin from previously publications are compiled in 


























Table 4.3 Complied data for as-received lignin and relevent properties of selected 



















92.7 ± 0.9 4.45 ± 0.01 97.2 ± 0.9 163.0 ± 1.5 
Current 
work 
Indulin AT 88.8 4.1 92.9 132 [32,97,111] 
BioChoice 91.1 5.4 96.5 147 [32,98] 
InnoForce N/A N/A N/A 160 [96,99,100] 
Alcell 96.1 0.4 96.5 70-108 [82,89,90] 
Protobind 
2400 
79 9 86 59 [97,111] 
 
Total lignin content in BioChoicelignin, which is the same lignin used in this current 
work have been reported as 96.5% [32,98].  The total lignin content of lignin reported 
in the current study is comparable to that reported previously.  When compared to               
a similar softwood Kraft lignin product (Indulin AT), the total lignin content has been 
reported to be 93-99% [32,97].  Other types of lignins such as Organosolv lignin 
(Alcelllignin) [82,89,90,101–103] and InnoForcelignin [96,99,100] exhibit the similar 
range of total lignin content between 95-97%.  The Protobind 2400 lignin extracted 




4.2.5 Thermal Properties of As-received BioChoiceLignin 
 
4.2.5.1 Thermo-gravimetric Analysis of As-received BioChoiceLignin 
 
Prior to characterising as-received lignin using thermogravimetric analysis (TGA), 
the sample was pre-dried in a vacuum oven at 80 ºC for six hours in order to remove 
absorbed moisture.  Figure 4.6 shows the mass-loss and the first derivative (DTG) 
curves of the as-received lignin as it was heated from 25 to 900 ºC at 10 Kminute-1 
under an argon atmosphere at a flow rate of 50 mlminute-1. 
The pre-dried as-received lignin samples exhibit distinct mass-loss characteristics 
as a function of temperature.  The mass of the pre-dried as-received lignin after 
pyrolysis at 900 ºC is 45.0 ± 1.2%; this is an average from two measurements.  With 
reference to Figure 4.6 (a), the thermal decomposition of lignin can be divided into four 
main stages. 
Figure 4.6 (b) shows an enlarged view of the first stage region; where a mass-loss 
of 1.9% was observed below 150 ºC.  The DTG curve displays a peak mass-loss at 
66.2 ºC with a mass-loss rate of 0.3 %/ºC and an endset DTG at around 115 ºC.                  
The mass-loss found in this work shows a good correlation with the data reported in 
previous literature.  The observed mass-loss in the range from 1 to 3% below 150 ºC 
has been reported from the different lignins, such as LignoBoost®lignin [257], 
Alcell®lignin [258] alkaline lignin [259] and other lignin samples such as Klason lignins 
obtained from wheat straw and oak [257], maple lignin [260] and rice husk and rice 
straw lignins [261].  This loss is attributed to the evaporation of moisture from                          
the sample [258–260].  A similar trend has been reported using a TGA coupled with 
FTIR spectroscopy and pyrolysis coupled with gas chromatography and mass 
spectrometry (Py-GC/MS).  An evolution of water was the major volatile detected below 




Figure 4.6 TGA and DTG curves for pre-dried as-received lignin: (a) the thermal 
decomposition ranged from 25 ºC to 900 ºC  divided into four main stages and (b) 
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With, reference to Figure 4.6 (a), the second stage between 150 ºC and 310 ºC 
displays a DTG peak at 297 ºC, with a mass-loss rate of 1.2 %/ºC.  In this stage, a 
mass loss of 7.2% is observed.  This loss could be ascribed to  the release of gases 
including CO, CO2, CH4 and H2O as their characteristic bands were detected via TGA-
FTIR spectroscopy [260,261,263] and fragments representing water and CO2 [257]. 
The major mass-loss was found in the third stage, between 310 ºC and 600 ºC, 
where a fast degradation rate with a maximum mass-loss rate of 2.72 %/ºC was shown.  
The maximum DTG was observed at 398 ºC and approximately 38.2 % of the lignin 
was converted into volatiles.  In this stage, the gases were reported to be the same as 
the observed in the second stage (e.g., CO, CO2, CH4, H2O) [257,260,261,263].  
Moreover, aromatic compounds such as phenols, alcohols, aldehydes, ketones, and 
acids are said to be emitted in this stage [257,259,262–264].   
In the fourth stage, where the temperature is above 600 ºC, the degradation rate 
decreased from 0.5 %/ºC to a constant rate of 0.2 %/ºC when the temperature reached 
700 ºC.  In this slow degradation stage, the mass-loss was 7.9% and the emitted gases 
were reported to include of CO, CO2 and aromatic compounds [262,263].  The residual 
mass at 900 ºC is 45.1% and this is similar to that reported in the literature 
[32,98,255,257]. 
 
4.2.5.2 Differential Scanning Calorimetry of As-received BioChoiceLignin 
 
Thermal property of lignins such as the glass transition temperature (Tg) was 
determined using differential scanning calorimetry (DSC).  The sample was heated at 
10 Kminute-1 from 25 to 250 ºC under a nitrogen atmosphere.  The measurement 
procedure is described in Section 3.4.5.  It is important to establish and understand 
the thermal behaviour of lignin as it has significant implication for fibre formation.  For 
example, in the first heating scan shown in Figure 4.7 (a), a pre-dried as-received lignin 
shows a broad endotherm between 39.2 and 123.7 °C with a peak at 86.5 °C and                  
an enthalpy of 65.7 Jg-1.  The first endotherm peak in Figure 4.7 (a) is important 
because it suggests that pre-heating as-received lignin in a vacuum oven at 80 °C for 
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six hours is not sufficient to remove all absorbed moisture.  Approximate 1.9 % 
(observed by TGA described in Section 4.2.5.1) of moisture retained or reabsorbed 
during storage.  However, it is also known that lignin can cross-link during thermal 
treatment.  Hence, the pre-drying temperature was set at 80 °C for six hours in                  
a vacuum oven.  This corresponds to the peak observed in the first endothermic peak 
in Figure 4.7 (a).  The presence of the glass transition temperature obtained from the 
first heating scan (Tg1) around 153 °C is clearly seen.  However, it accompanied by 
two successive exotherms at 190 °C and 210 °C (see the insert in Figure 4.7 (a)).  
These exotherms are most likely due to cross-linking reaction occurring in lignin which 
have been suggested from the previous literature [134,135,217,218,221].  Further 
evidence for this suggestion can be seen in the second and third scans where these 
exotherms are not detectable.  Hence, the suggesting that cross-linking has occurred.  
The DSC thermograms from the second and the third heating scans are shown in 
Figure 4.7 (b) and (c), respectively.  The broad endotherm and thermal events below 
150 °C disappear in the second and third heating scans.  The glass transition 
temperature obtained from the second heating scan (Tg2) is 163.0 ± 1.5 °C.  Table 4.3 
presents a summary of the Tg of softwood Kraft lignin reported in the literature, which 
are in the range 130 °C to 160°C [34,83,97,98,124].  The Tg2 of pre-dried as-received 
analysed in this work is comparable to the Tg compiled in Table 4.3.  In the third heating 
scan, the glass transition temperature obtained from the third heating scan (Tg3) 
increased from 163 °C to 172.2 ± 1.4 °C.  This increase may be attributed to further 




Figure 4.7 DSC thermograms for pre-dried as-received lignin: (a) first heating; (b) 
second heating; and (c) third heating. The insert in (a) shows an expanded view 
































































































The presence of moisture can be detrimental with regard to melt-processing of lignin 
as it can lead to the formation of voids.  Moisture can also interact with polar solvents 
such as acetone and DMSO.  This means that in fibre formation process such as 
electro-spinning, the presence of moisture can influence the electro-spinning 
parameter.  Moreover, during subsequent heat treatment to remove the solvent, 
moisture can have an adverse effect of the properties of the fibres.  The cross-linking 
in lignin is also important.  For example, during melt-processing it can cross-link in                  
the equipment.  
The thermal properties of lignin are also important when defining the temperature 
regimes for heat treatment during and after fibres formation.  During fibre formation, in 
addition to producing fibres with a uniform circular cross-section.  It is essential to 
prevent the fusion of the individual filaments.  This is generally, achieved by                           
the evaporation of the solvent in solution-based fibres formation techniques.  In these 
circumstances, a “skin” is formed on the fibres that helps to retain the circular           
cross-section.  The morphology and nature of the skin is important when the fibres or 
preforms are heated to drive off the solvent.  The temperature selection for this 
operation has to below the Tg of lignin to prevent fibre fusion. 
 
4.2.6 Functional Group Analysis of As-received BioChoiceLignin by 
Fourier Transform Infrared Spectroscopy 
 
Fourier transform infrared (FTIR) spectroscopy was used to identify the main 
functional groups present in the as-received lignin.  A typical spectrum for a pre-dried 
as-received lignin is presented in Figure 4.8.  A broad absorption band with a shoulder 
is observed in the hydroxyl (-OH) stretching region between 3,700-3,000 cm-1.                      
The broad absorbance band centred at 3,420 cm-1 and the shoulder at 3,620 cm-1 can 
be attributed to stretching vibrations of phenolic and aliphatic -OH groups.                             
The absorbance bands found between 3,050-2,800 cm-1 correspond to                                      
the deformation of C-H in methyl and methylene groups.  The stretching vibrations of 
the carbonyl group (C=O) are observed at 1,685 cm-1.  The peak at 1,591 cm-1 
corresponds to the vibrations of aromatic skeleton and C=O stretching whilst                         
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the strong peak at 1,514 cm-1 corresponds to the vibration of the aromatic skeleton.  
The three absorbance bands observed between 1,460-1,400 cm-1 can be assigned to 
C-H deformations.  The vibrations of C-H associated with the phenolic O-H groups are 
observed at 1,365 cm-1. 
The absorption band at 1,262 cm-1 represents the Guaiacyl ring (G-Unit) which is             
a predominant building block of softwood Kraft lignin.  The vibrations of C-C, C-O and 
C=O stretching can be seen at 1,210 cm-1.  The absorbance bands at 1,140 and                    
1,120 cm-1 are assigned to aromatic C-H and C-O deformations in primary alcohols.  
The aliphatic secondary O-H associated with C-O deformation in secondary alcohol 
presents at 1,082 cm-1, and the absorption due to aliphatic primary O-H associated 
with aromatic C-H deformation and C-O in primary alcohol is presented at 1,035 cm-1.  
The two peaks at 855 and 815 cm-1 are assigned to out-of-plane C-H deformation in 
the G-units of lignin.  The compiled peak assignments and characteristic absorbance 


















































































C-O in primary alcohol 
C-H out-of-plane of G-unit
Aliphatic secondary O-H
C-O deformation in secondary alcohol
Aromatic C-H in G-unit
C-O in primary alcohol 
Breathing of aromatic G-unit
C=O stretching
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Table 4.4 Band assignments for pre-dried as-received lignin [97,265,266]. The 
assignments in bold represent the characteristic band of softwood-wood lignin.  
Wavenumber (cm-1) 




3,408 3,440-3,430 O-H stretching in phenolic and aliphatic O-H group  
2,940 2,940-2,930 C-H stretching in methyl and methylene group 
2,850 2,689-2,880 C-H vibrations of methyl group or methoxy 
1,685 1,727-1,690 C=O stretching (in conjugated aldehydes, ketone 
and carboxylic acids) 
1,591 1,594 Aromatic vibration and C-O stretching 
1,514 1,515-1,510 Aromatic skeleton vibration 
1,460 1,465-1,450 C-H asymmetric bending of methyl and methylene 
group 
1,422 1,428-1,420 C-H vibration of methyl group, aromatic skeleton 
vibration 
1,365 1,370-1,365 C-H deformation in methyl, methoxy (O-CH3) 
group 
1,365  Phenolic O-H  
C-H deformation in methyl, methoxy groups 
1,270 1,270-1,260 Aromatic ring (Guaiacyl moieties) breathing with 
C=O stretch 
1,210 1,200 C-C, C-O and C=O of ester stretching vibrations 
1,140 
and 1,120 
1,160-1,140 Aromatic C-H in Guaiacyl unit 
C-O deformation in primary alcohol 
1,082 1,085-1,080 Aliphatic secondary O-H 
C-O deformation in secondary alcohol  
1,035 1,035-1,030 Aromatic C-H deformation 
C-O in primary alcohol 
Aliphatic primary O-H 
855 
and 815 
855-852 C-H out-of-plane deformation in positions 2, 5 and 
6 of Guaiacyl unit 
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The FTIR spectra characterisation of the pre-dried as-received lignin, 
BioChoiceLignin, was used as a benchmark in subsequent treatments and heat 
treatment.  The spectral assignment specified for the BioChoiceLignin in Table 4.4 
correlates well for softwood Kraft lignin reported in literature.  
Primary motivation for using FTIR spectral analysis for lignin was to study if any 
changes was brough about by chemical treatment (treating lignin with acidified water, 
discussed in Section 4.3), molecular weight fractionation using acetone (Section 4.4) 
heating lignin fibres (Section 5.5) and thermo-stabilisation of lignin fibres (Section 5.6).  
The presence of moisture was detected in the DSC and TGA and the results were 
presented in the two previous sections.  Its presence is also clear in Figure 4.8 (a).  
The reason for selecting the pre-drying temperature of 80 C in a vacuum oven for six 
hours was discussed previously.  A compromise had to be made between desire to 
desorb the moisture from the lignin and to prevent it cross-linking prematurely.  
A summary of the data generated for pre-dried as-received lignin is presented in 
Table 4.5.  In general, the data in Table 4.5 agree with that reported in the literature.  
The data presented in Table 4.5 will be used as the benchmark in subsequent sections. 
 
Table 4.5 Summary of the characteristic properties of pre-dried as-received lignin.  
Characteristics As-received lignin 
Particle size, d(0.5) (µm) 13.2 ± 0.16 
Density (kgm-3) 1.39 ± 0.01 x 103 
Ash content (%) 1.195 ± 0.021 
Lignin content 
Klason lignin (%) 92.7 ± 0.9 
Acid-soluble lignin (%) 4.45 ± 0.01 
Total lignin (%) 97.2 ± 0.9 
Results from TGA 
TDTG, onset (C) 251.9 ± 2.9 
TDTG, max (C) 391.5 ± 10.9 
Residue mass (%) 45.0 ± 1.2 
Char content (%) 43.8 ± 1.2 
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Characteristics As-received lignin 
Results from DSC 
First heating scan 
Endothermic peak (C) 87.0 ± 0.9 
Enthalpy (Jg-1) 65.7 ± 7.3 
Tg1 (C) 150.2 ± 6.8 
Second heating scan Tg2 (C) 163.0 ± 1.5 
Third heating scan Tg3 (C) 172.2 ± 0.4 
 
4.3 Treatment of As-received BioChoiceLignin with Acidified Water 
 
Treating lignin with acidified water is a simple method to remove water-soluble and 
inorganic impurities; it has been used widely for Kraft lignin [79,118,120,145,196,197].  
However, Organosolv lignin has been used in its as-received state [102,117,215,267].  
This may be due to the high inorganic content in Kraft lignin as compared to 
Organosolv lignin, as seen in Table 4.1. 
The as-received BioChoiceLignin used in the current work has an ash content of 
1.195 ± 0.021% and sulphur and sodium were found to be the two major elements at 
46 wt% and 42 wt% of the ash, respectively.  The as-received lignin was treated with 
acidified water in order to remove the inorganics.  This was undertaken to enable                     
a comparison of the properties of the lignin obtained from acid treatment and molecular 
weight fractionation with regard to the removal of contaminants. 
Various acids have been used including hydrochloric acid [118,145], acetic acid 
[197] and sulfuric acid [120].  The processing conditions investigated in the literature 
include the pH and washing time.  Zhang [119] studied different combinations of 
washing time, liquid-to-solid ratio and pH to identify the optimum processing conditions. 
Zhang reported that acidified water of pH 2; a ratio of acidified water to softwood Kraft 
lignin as 10 ml:1 g; a washing time of 15 minutes; and 25 treating cycles, were said to 




4.3.1 Taguchi Design of Experiments 
 
In this work, the Taguchi design of experiments (DoE) methodology was performed 
with controllable factors in order to determine the optimum procedure for treating lignin 
with hydrochloric acid (HCl).  This acid was chosen because it is a strong acid with                
a pKa of -9.3.  The selected controllable factors and their levels are shown in Table 
4.6. An L9 (34) orthogonal array was selected.  The experimental combinations for nine 
experiments are given in Table 4.7. 
 
Table 4.6 The parameters that were used for treating BioChoiceLignin with acidified 
water and their levels with regard to the Taguchi DoE. 
Parameters pH 
Acidified water-to- 





Level 1 2 5 15 1 
Level 2 4 50 30 3 
Level 3 6 100 60 5 
 
In order to determine the best combination of test parameters, the ash content from 
each experiment were transformed to a signal-to-noise (S/N) ratio.  Based on                        
the Taguchi method, the term S/N ratio represents the ratio of the mean to its variation 
and it is used to evaluate the quality characteristics of a process.  There are three types 
of quality characteristic definitions: (i) “lower is better”; (ii) “minimal is better”; and (iii) 
“higher is better” [268].  
The ash content was determined in accordance with the TAPPI standard T211 om-
02.  The lowest value of ash content is the targeted response for this current work. 















where 𝑦𝑖represents the experimental data. The average of experimental results (ash 
content) and the S/N ratio are shown in Table 4.7. 
The effect of each controllable factor on the ash content was analysed and given          
an “S/N response”, as shown in Table 4.8.  The optimal combination of treatment 
factors yields the highest value of the S/N ratio for each factor (see Figure 4.9), and 
the mean values are illustrated in Figure 4.10.  According to this analysis, the levels 
and S/N ratios of the factors giving the lowest ash content correspond to a  pH  4 (S/N 
response = 9.695); acidified water-to-lignin ratio of 100 (cm3:g) corresponds to an S/N 
of 8.952; treatment time of 30 minutes corresponds to a S/N of  8.770; and five  
washing cycles correspond to an S/N of 8.546.  The ranking of the selected main 
factors, calculated based on the difference of maximum and minimum results is 
presented in Table 4.8 and Table 4.9.
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Ash content (%) 
S/N  
Average SD 
Exp. 1 2 5 15 1 0.365 0.014 8.750 
Exp. 2 2 50 30 3 0.353 0.02 9.034 
Exp. 3 2 100 60 5 0.345 0.021 9.252 
Exp. 4 4 5 30 5 0.326 0.065 9.727 
Exp. 5 4 50 60 1 0.343 0.006 9.304 
Exp. 6 4 100 15 3 0.314 0.048 10.054 
Exp. 7 6 5 60 3 0.493 0.079 6.151 
Exp. 8 6 50 15 5 0.465 0.086 6.659 
Exp. 9 6 100 30 1 0.419 0.029 7.548 
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1 9.012 8.210 8.488 8.534 
2 9.695 8.332 8.770 8.413 
3 6.786 8.952 8.236 8.546 
Delta 2.909 0.742 0.534 0.133 
Rank 1 2 3 4 
 









1 0.354 0.395 0.381 0.376 
2 0.328 0.387 0.366 0.387 
3 0.459 0.359 0.393 0.379 
Delta 0.131 0.035 0.027 0.011 





Figure 4.9 Effect of acidified water treatment conditions on the average S/N values 
for ash content. 
 
Figure 4.10 Effect of acidified water treatment conditions on the average mean value 
of ash content. 
pH Acidified water-to-
lignin ratio
Washing time Number of cycles
pH Acidified water-to-
lignin ratio
Washing time Number of cycles
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4.3.2 Analysis of Variance 
 
4.3.2.1 P-value and F-ratio 
 
The analysis of variance (ANOVA) is a statistical tool used for assessing                              
the differences in datasets [269].  ANOVA can be used to assess the differences 
between the main factors by comparing their means and variance at specific 
confidence levels.  In the current work, a 95% confidence level and 5% significance 
level ( 0.05) were used.  According to Table 4.10, the P-value of three pHs (2, 4 and 
6) is 0.03 which is lower than the -value (0.05).  It can be said that there is statistical 
significance with regard to the ash content at a reliability of 95%.  The other factors 
have a P-value higher than 0.05, indicating that there are no statistically significant 
differences in their varied levels. 
The F-ratio is commonly considered together with the P-value to determine                      
the statistical significance at the desired confidence level ( 0.05).  The F-ratio is                  
the ratio of the total mean square (MST) to the residual error mean square (MSE). 
The total mean square (MST) can be evaluated from the total sum of the squares 
(SST) and its Degrees of Freedom (DOF) using Equations 4.3 and 4.4. 
 













where y̅ is an average of the observed values.  The total sum of the squares (SST) 
refers to the deviation of the observed values (yi) from their respective means. Degrees 
of Freedom (DOF) are equal to the number of levels minus 1. 
The residual error mean square (MSE) can be calculated using Equations 4.5 and 
4.6.  SSE is the sum of the squares of error residual, which is the value that deviated 
from actual values of data and ŷ is the predicted mean from the estimation model. 
 









 Equation 4.6 
 
If the F-ratio is higher than the F-critical value, it can be concluded that there is 
statistical significance at the desired reliability level.  In this current work, the F-critical 
value at the reliability level of 95% is 9.5521.  From Table 4.10, the reported F-ratio of 
three pHs for pH 2, 4 and 6 is 11.74 which is larger than the F-critical value.  This result 
is similar to that obtained via the analysis using the P-value.  The difference levels in 
other controlled factors (acidified water-to-lignin ratio; washing time; and number of 
cycles) are not statistically significant because the P-value is higher than 0.05 and                 
the F-ratio is lower than the F-critical value. 
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Sum of square 
Adjusted 





pH 2 0.057585 0.028792 11.74 66.7 0.003 
Acidified water-to-lignin ratio 2 0.004113 0.002057 0.84 4.76 0.463 
Washing time (minute) 2 0.002177 0.001088 0.44 2.52 0.655 
Number of cycles 2 0.000393 0.000197 0.08 0.46 0.924 
Error 9 0.022064 0.002452 - 25.56 
 







4.3.2.2 Fisher Pairwise Plot 
 
In order to analyse the difference of the mean values obtained from each level,    
one-way ANOVA was performed using Fisher pairwise comparison with a 95% 
confidence interval (CI) level [247].  Figure 4.11 shows a Fisher pairwise plot of the 
four controlled factors. In each plot, three pairs of levels are presented. 
Considering pH 2 and pH 6, the 95% CI for the difference of these means ranges 
from -0.08 to 0.02.  This range does not include zero, indicating that the difference 
between these mean values for the ash content obtained from pH 2 and pH 6 is 
statistically significant.  Similar results of significant difference are found for pH 4 and 
pH 6, whereas there are no statistically significant differences between the mean 
values of pH 2 and pH 4. 
For other factors, such as acidified water-to-lignin ratio, washing time and                          
the number of cycles, the 95% CI of the differences for all their respective pairs of 
mean values include zero.  It can therefore be concluded that the differences are not 
statistically significant. 
According to the analysis of P-value, F-value and Fisher pairwise comparison, 
varying the pHs has a statistical significance in reducing the ash content.  Moreover, 
the Fisher pairwise analysis showed that using pH 6 for the acidified water leads to             
a significant difference in the ash content when compared to using pH 2 or pH 4.                  
The lignins treated with pH 2 and pH 4 did not have a statistically significant difference 





Figure 4.11 Fisher pairwise comparison for the effect of treating lignin with acidified water: (a) pH, (b) acidified water-to-lignin ratio, 





4.3.2.3 Percentage Contribution 
 
The percentage contribution of each factor in the ash content represents the degree 
of influence, and this is calculated from the ratio of the sum of squares to the total sum 
of squares; this is illustrated in Figure 4.12.  The chart shows that the pH; acidified 
water-to-lignin ratio; washing time; and the number of cycles influenced the ash content 
by 66.70%; 4.76%; 2.52%; and 0.46%, respectively.  Therefore, it can be concluded 
that the pH is the most influential factor in reducing the ash content at a reliability of 
95% because its P-value is lower than 0.05 and the F-ratio is higher than the F-critical 
value.  This result correlates with the rank analysis of the Taguchi method.  
 
 
Figure 4.12 Percentage contribution of controllable factors influencing the ash 
content of lignin.  
 
Figure 4.13 illustrates a matrix of the interaction effect of controlled factors used in 
this study.  It clearly shows the dominant factor influencing the ash is pH whereas                  
the other factors show an unclear influence on the ash content.   






















Figure 4.13 Interaction effect plot for means of ash content.
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According to the ANOVA analysis, the controlled factor influencing the ash content 
is pH.  Figure 4.14 presents the effect of the interaction between pH and other factors 
which was evaluated using 3D surface plots.  This figure shows clearly that the ash 
content decreased with decreasing pH. 
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4.3.3 Effect of pH on Specified Properties of Acid-treated Lignins 
 
According to the analysis from the Taguchi method and ANOVA, the predominant 
factor in the treatment condition affecting the ash content is the pH.  Therefore, it was 
deemed important to investigate the influence of the pH on the ash content,                         
the element composition of ash and the characteristics of acid-treated lignin.   
 
4.3.3.1 Ash Content in Acid-treated Lignins 
 
The lignin samples were heated in an air-circulating furnace at 525 °C for four hours. 
The ash content in the as-received lignin is 1.195 ± 0.021% which is used as the 
reference point.  The ash content was reduced to 0.459 ± 0.086%; 0.328 ± 0.065%; 
and 0.354 ± 0.020% after treatment with acidified water of pH 6, pH 4 and pH 2, 
respectively.  Figure 4.15 illustrates a bar chart of the ash content versus the elemental 
composition. Sulphur and sodium are the two main contributors which are 0.55 wt% 
and 0.50 wt% of the as-received lignin, respectively.  After treating with pH 6 acidified 
water, the relative concentrations of sulphur and sodium decreased to 0.13 wt% and 
0.14 wt%, respectively.  The amount of magnesium and potassium obtained from 
treating lignin at pH 6 showed a similar range to those of the as-received lignin. 
Increasing the pH leads to a diminished sulphur content.  The lowest sulphur content 
of 0.09 wt% was observed in the sample treated with acidified water at pH 2, which 
dropped by 82%, as compared to that contained in untreated lignin.  The reduction  in 
the sulphur content can be attributed to the removal of sulphate ions (SO42-) via treating 
with acidified water [79].  The significant reduction of sodium has been described as 






Figure 4.15 The ash content versus the elemental compositions. 
 
4.3.3.2 Differential Scanning Calorimetry of Acid-treated Lignins 
 
DSC thermograms of lignins treated with acidified water at pH 6, pH 4 and pH 2 
compared with the as-received lignin sample are presented in Figure 4.16.  In this 
experiment, all the lignin samples were pre-dried and tested under the same conditions 
in order to investigate the effect of pH of the acidified water on the thermal properties 
of the treated lignins.  The DSC results were generated using the Perkin Elmer        
DSC-7.  The cooling system on the equipment could only maintained the DSC 
sample/reference chamber at approximately 25 °C at the start of the scan.  In the first 
scan, the lignin samples were heated from 25 °C to 200 °C at 10 Kminute-1 and kept 
isothermal for three minutes.  Then, the samples were cooled to 25 °C at                                     
10 Kminute-1 and held for three minutes.  The second and third scans were performed 
using the same steps as the first scan.  The DSC trace from the first heating scan is 
displayed as the black line and using the heat flow as the primary y-axis.  The second 
and third heating DSC traces are shown as red and green lines and the heat flow 
values are on the secondary y-axis.  
Sodium Magnesium Silicon Sulphur Potassium
As-received lignin 0.501 0.027 0.068 0.555 0.048
pH 6 0.144 0.023 0.121 0.130 0.042
pH 4 0.071 0.015 0.100 0.111 0.030

























Figure 4.16 DSC traces for: (a) pre-dried as-received lignin; and (b), (c) and (d) are as-received lignin treated with acidified water at 






















































































































































As seen Figure 4.16, commencing the experiments at 25 °C meant that there was 
a significant error in the calculation of the enthalpy of fusion for the evaporation of 
moisture and any low-molecular weight component that may have been presented in 
the lignin.  The term of “as-received lignin” refers to the lignin that was pre-dried in                 
a vacuum oven at 80 °C for six hours.  The enthalpy and peak for endothermic peak 
for as-received and the acid-treated lignins were calculated and the data are presented 
in Table 4.11.  From the analysed results of peak temperatures and the enthalpy of      
the endothermic peak, it is difficult to draw any conclusion from this data set because 
of the difficulty in defining the position of baseline at start of the heating regime.  
 
Table 4.11 Compilation of enthalpy , peak of endothermic and Tg data for as-received 
lignin and as-received lignin treated with acidified water. 










As-received lignin 34.1 76.9 150.5 154.5 159.4 
As-received lignin treated at pH 2 41.5 69.0 154.3 158.3 161.0 
As-received lignin treated at pH 4 30.1 59.6 154.4 157.8 161.0 
As-received lignin treated at pH 6 25.1 56.4 153.0 156.1 161.3 
 
In the first heating scan, a Tg1 presented at the temperature above the endset of 
endothermic peak.  In the second and third heating scans, the endothermic peak 
disappeared, and only a single Tg was observed.  The Tgs analysed from all three 







Figure 4.17 Glass transition temperatures analysed from as-received lignin and acid 
treated lignin samples. 
 
From the plot, it can be seen that the use of acid treatment has an influence on the 
Tg.  The as-received lignin treated with acidified water showed an increasing of Tg as 
compared to the as-received lignin.  The Tg obtained from each scan increased as with 
the sequential of number of scans.  The Tgs from the second heating scan was higher 
than that from the first heating scan, which increased by 4 °C.  A similar increased 
trend was found in the Tgs from the third heating scan; Tg3 increased by 3-5 °C from 
the second heating scan.  The increase in Tg may be connected to the cross-linking 
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4.3.3.3 Functional Group Analysis of Acid-treated Lignins by Fourier 
Transform Infrared Spectroscopy 
 
FTIR spectra of the as-received lignin and the as-received lignins treated with 
acidified water at pH 6, pH 4 and pH 2 are shown in Figure 4.18.  The three                                
acid-treated lignins show similar absorption spectra.  The absorbance band centres 
deviate by about 2-3 cm-1.  Furthermore, there are no obvious absorbance band 
differences when compared to the as-received lignin.  This means treating lignin with 
acidified water does not change the functional groups in lignin.  In order to observe the 
effect of the pH on the total hydroxy content in the lignins, the FTIR spectra were 
normalised using the intensity of aromatic vibration band at 1,514 cm-1.  The relative 
intensity of the absorption bands of O-H stretching (3,390 cm-1), phenolic O-H (1,365 
cm-1), aliphatic secondary O-H (1,081 cm-1) and aliphatic primary O-H (1,030 cm-1) 
were calculated in order to estimate the concentration of the hydroxyl groups; the data 
are presented in Table 4.12. 
 



















As-received lignin 0.73 0.60 0.65 0.70 2.68 
pH 6 0.62 0.58 0.63 0.75 2.58 
pH 4 0.64 0.57 0.62 0.73 2.56 




















































A drop in the total concentration of hydroxyl groups was found in the acid-treated 
samples. It is seen that the phenolic O-H and aliphatic secondary O-H concentration 
decreased with increasing acidic level.  These results agree with that reported by                           
Yasuda et al. [122,122] who stated that the acid treatment reduces the hydroxyl 
groups, especially in the aliphatic O-H.  They proposed a reaction scheme to account 




Figure 4.19 A mechanism for the reaction between HCl and two lignin units                 
[121,122].  
 
4.4 Molecular Weight Fractionation of As-received BioChoiceLignin Using 
Acetone 
 
The common processes that are used for molecular weight fractionation of lignin are 
ultra-filtration [130,132,245,273] and solvent fractionation [29,124,146,215].  In Section 
4.3, a detailed account was presented on the consequences of treating lignin with 
acidified water to remove inorganic contaminants.  In the current section, the merits of 
fractionating lignin with acetone was investigated as a means for removing the 
inorganic components.  Since the fibre formation experiments undertaken in this study 




4.4.1 Fractionation Yield 
 
The procedure for the fractionation of lignin using acetone is presented in Section 
3.3.2.  The yield after fractionation was calculated using the ratio of the dried mass of 
acetone-soluble lignin to the dried mass of as-received lignin.  The yields for                           
the soluble and insoluble acetone fractionated lignins are 57.4 ± 0.6% and 41.7 ± 0.5%, 
respectively.  The total recovered lignin (99.1 ± 0.6%) is below 100% due to the losses 
during the experiment.  The yield of soluble fractionation correlates well to the solubility 
between lignin and solvent which have been reported [98,120,124,274,275].  For 
instance, the fractionation yields obtained from solvents such as tetrahydrofuran, 
methanol and 2-butanone are 62%, 40% and 21%, respectively [124].  These 
fractionation yields correlated with the Flory-Huggins polymer-solvent interaction 
parameter.  The yields of soluble fraction from various organic solvents decreased with 
decreases solubility parameters [98].  
 
4.4.2 Characterisation of Lignins Obtained from Fractionation Using 
Acetone 
 
After fractionation, two types of lignins were obtained: acetone-soluble lignin and 
acetone-insoluble lignin.  The characteristics of the two lignins are discussed in                      
the following sections. 
 
4.4.2.1 Physical Characteristics of Acetone-soluble and Acetone-insoluble 
Lignins 
 
Figure 4.20 shows SEM micrographs of acetone-soluble lignin and acetone-
insoluble lignin.  Irregular shapes and sharp-edged lignin particles were observed.                   
A smooth surface can be seen, and this differs from as-received lignin (see Figure 4.2) 
showing round granules on the surface.  The smoother surface observed on the lignin 
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obtained from fractionation is attributed to the process used to obtain the lignins.  In 
the solvent fractionation process, acetone was removed and recovered by solvent 
evaporation, therefore, the lignin had to be ground into powder, whereas                                 
the as-received lignin was separated by acid precipitation. 
 
 
Figure 4.20 SEM micrographs of acetone-soluble lignin ((a) and (b)) and acetone-
insoluble lignin ((c) and (d)). 
 
4.4.2.2 Molecular Weight Distribution of Acetone-soluble and Acetone-
insoluble Lignins 
 
Figure 4.21 illustrates the molecular weight distributions for the as-received, 







Figure 4.21 Molecular weight distribution curves for as-received, acetone-soluble and 
acetone-insoluble lignins determined using GPC. 
 
The acetone-soluble fraction shows the narrowest molecular weight distribution, and 
the shoulder corresponding to the high molecular-weight component has diminished.  
The acetone-soluble lignin has a weight-average molecular weight (Mw) of                  
4,250 gmol-1 which is 29% less than that of the as-received lignin (6,000 gmol-1), 
whereas acetone-insoluble lignin has the highest Mw of 9,600 gmol-1.  Similarly to other 
reports [31,83,85,98,124,276], the results of which are presented in Table 4.13, a lower 
molecular weight was expected from the solvent-soluble fraction.  On the other hand, 
an increase in both Mw and Mn in acetone-insoluble lignin compared to                              
the as-received lignin has been reported in the literature, as shown in Table 4.13.                   
The increase in the Mw and Mn in the insoluble fraction was said to be due to 
aggregation occurring in the lignin solutions [31,83,85].  This may be the reason for 
























but a clear shoulder at the high-molecular weight region and a broad molecular weight 
distribution as shown in Figure 4.21.  
The PDIs of acetone-soluble and acetone-insoluble lignins are presented in Table 
4.13.  The lowest and highest PDIs were found in the acetone-soluble lignin and 
acetone-insoluble lignin, respectively.  The reduced PDI found in acetone-soluble 
lignin indicates a narrower molecular weight distribution; this implies an improvement 
in the homogeneity in molecular weight distribution [34,124].  On the other hand,                 
an increase in PDI was observed for the acetone-insoluble lignin as compared to that 
of the as-received and acetone-soluble lignins.  It can be said that                                                   
the acetone-insoluble lignin has a heterogeneity in molecular weight distribution.
154 
 
Table 4.13 Summary of the molecular weight distributions and the Tg2 for as-received, acetone-soluble and -insoluble lignins and 
compiled molecular weight results. 
Lignin samples Mw (gmol-1) Mn (gmol-1) PDI Tg2 (C) 
Current work     
As-received lignin 6,000 ± 283 2,700 ± 141 2.22 ± 0.22 163.0 ± 1.5  
Acetone-soluble lignin 4,250 ± 71 2,450 ± 71 1.73 ± 0.07 145.8 ± 0.3 
Acetone-insoluble lignin 9,600 ± 566 3,400 ± 141 2.82 ± 0.28 189.1 ± 0.4 
Data from the literature     
Indulin AT lignin [124] 4,680 1,980 2.4 157 
Methanol-soluble Indulin AT lignin [124] 2,910 1,610 1.8 109 
Methanol-insoluble Indulin AT lignin [124] 8,390 3,500 2.4 173 
Softwood Kraft lignin [276] 6,000 1,500 4 153 
Acetone-soluble softwood Kraft lignin [276] 3,500 1,000 3.5 114 
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Lignin samples Mw (gmol-1) Mn (gmol-1) PDI Tg2 (C) 
Acetone-insoluble softwood Kraft lignin [276] 14,000 2,121 6.6 170 
Softwood Kraft lignin [83] 7,190 2,360 3.05 153 
Methanol-soluble softwood Kraft lignin [83] 3,000 1,590 1.90 117 
Methanol-insoluble softwood Kraft lignin [83] 14,900 6,520 2.28 211 
Softwood Kraft lignin [85] 4,100 2,100 2.0 N/A 
Acetone-soluble softwood Kraft lignin [85] 1,100 1,600 1.4 N/A 
Acetone-insoluble softwood Kraft lignin [85] 18,900 3,400 5.6 N/A 
Softwood Kraft lignin [31] 4,130 2,080 2.0 N/A 
Aqueous acetone-soluble softwood Kraft lignin [31] 2,260 1,390 1.6 N/A 
Aqueous acetone-insoluble softwood Kraft lignin [31] 11,230 2,590 4.3 N/A 
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The molecular weight and polydispersity data obtained in the current study show               
a good correlation with those reported in the literature, as shown in Table 4.13.                    
The soluble fraction is shown as a lower molecular weight distribution and 
polydispersity compared to the parent lignin.  It is still unclear with regard to                             
the correlations between lignin’s chemical structure, its molecular weight, its 
“spinnability” and the properties of the resultant carbon fibres.  However, recent 
reports, concerning fractionation technologies have reported that the lignin with a lower 
PDI and lower Mw can be used to produce the fibre.  Moreover, the resultant carbon 
fibre shows an improvement in spinnability and mechanical properties [277–280].  For 
instance, carbon fibres produced from fractionated alkaline lignin with an uniform 
molecular weight distribution exhibited a two-fold increase in the tensile modulus [280].  
A similar trend has been reported, where the elastic modulus of lignin/PAN carbon 
fibres increased from 16 GPa to 22 GPa when PDI decreased from 5 to 2 [278]. 
In the current work, acetone-soluble lignin was found to have lower PDI as 
compared to as-received lignin.  It can be said that fractionation using acetone can be 
a potential procedure to improve the homogeneity of molecular weight distribution of 
softwood Kraft lignin.  Moreover, using acetone-soluble lignin as a bio-material for                   
the production of fibres will be discussed in Chapter 5. 
 
4.4.2.3 Determination of the Ash Content in Acetone-soluble and Acetone-
insoluble Lignins and Their Elemental Compositions 
 
The ash content of the lignins was determined using the procedures described in 
Section 3.2.3.2 where the sample was oxidised in an air-circulating furnace at 525 °C 
for four hours.  The ash content was calculated using Equation 3.2. 
The ash contents in the as-received and acetone-soluble fraction are                                   
1.195 ± 0.021% and 0.055 ± 0.021%, respectively and in the acetone-insoluble fraction 
is 2.395 ± 0.034%.  The decrease in ash content of acetone-soluble lignin and                       
the increase in ash content of acetone-insoluble lignin show a similar trend to the data 
from the literature [31,281,282].  The ash content from the soluble-fraction was 
reduced when compared to the parent lignins, whereas the ash content in                                
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the insoluble-fraction was increased.  The bar-graph presented in Figure 4.22 shows 
the ash content of acetone-soluble and acetone-insoluble lignins calculated based on 
the as-received lignin.  It shows clearly that the inorganic compounds are retained in 
the acetone-insoluble lignin. 
 
 
Figure 4.22 Ash or inorganic content calculated based on the as-received lignin. 
 
The EDX facility on the SEM was used to determine the elemental composition of 
the ash from the acetone-soluble and acetone-insoluble lignins, and the data are 
presented in Figure 4.23.  The acetone-soluble lignin, with an ash content of                       
0.055 ± 0.021%, shows sulphur and sodium as the two main inorganic elements 
present at 0.024 wt% and 0.02 wt%, respectively.  A similar trend was found in                      
the acetone-insoluble lignin. Sulphur and sodium are the two major components which 
constitute 1.134 wt% and 1.015 wt%, respectively.  The presence of silicon and 
potassium in acetone-soluble lignin is 0.008%.  The highest amounts of magnesium, 
silicon and potassium were found in the acetone-insoluble lignin. It can be concluded 





Figure 4.23 Inorganic elements found in the ash from: as-received lignin; acetone-
soluble lignin; and acetone-insoluble lignin. 
 
For comparison, as-received lignin was characterised and used as the reference 
point or benchmark for subsequent treatments carried out in this work.  This includes 
(a) treating with acidified water; and (b) molecular weight fractionation using acetone. 
Figure 4.24 (a) shows the ash content found in lignin sample analysed in this work;      
the elements (sodium, magnesium, silica, sulphur and potassium) and their 
compositions are presented.  The acetone-insoluble lignin has the highest content of 
each element and their contents are higher than those in the as-received lignin.  On 
the other hand, the lowest ash content can be seen for the acetone-soluble lignin 
sample.  The treatment using acidified water, i.e. lignin treated with acidified water (pH 
2, pH 4 and pH 6), is significantly lower in sodium, sulphur and potassium when 
compared to the as-received lignin.  The reduction of sodium and potassium has been 
ascribed as being due to the removal of alkaline ions by hydrolysis [270–272].  
Sodium Magnesium Silicon Sulphur Potassium
As-received lignin 0.501 0.027 0.068 0.555 0.048
Acetone-soluble lignin 0.020 0.000 0.008 0.024 0.008
























Figure 4.24 Elements and their contents detected in lignin samples used in this 
current study: (a) full view of the ash content from 0 to 1.2% and (b) enlarged view of 




An enlarged view of the ash contents is displayed in Figure 4.24 (b) where a small 
amounts of the elements were detected in the acetone-soluble lignin, which can be 
explained by the fact that inorganic elements not being soluble in an organic solvent.  
Furthermore, the inorganic elements remain in the insoluble-fraction, which causes 
increases in the ash content in the insoluble-fraction [31,282].  In the case of treatment 
using acidified water, the concentration of sodium and sulphur is significantly reduced 
by 72% and 77%, respectively compared to those found in the as-received lignin. 
Figure 4.25 shows the ash content of the lignin samples produced in this work.  All 
the treated samples, except for the acetone-insoluble lignin are lower in ash content 
compared to the as-received lignin (1.195 ± 0.021%).  The lowest ash content is seen 
in the acetone-soluble lignin (0.055 ± 0.021%), whilst the lignins from the acidified 
water treatment show the lowest ash content for the lignin that was treated with pH4 
(0.328 ± 0.065%). 
 
 
Figure 4.25 Ash content in the lignin samples determined in this current study                    




The amount of inorganic content detected in lignin has been mentioned as a concern 
as it may lead the formation of defect in the fibres and reduce the mechanical 
properties [18,64].  Moreover, elementals such as sodium and potassium are known 
to act as catalysts for the chemical cracking of lignin.  Liquid product yield was 
observed to decrease when the inorganic content in the lignin decreased [107,283].  It 
has been reported that the addition of an alkaline additive such as NaOH, KOH can 
enhance the yield of liquid products [284].  The presence of inorganic salt accelerated 
the reaction and led to the formation of a low molecular weight product [285,286]. 
The evidence from literature indicates that inorganic present in lignin can lead to                
a deterioration in the mechanical properties, therefore in the current study the lignin 
with the lowest inorganic content was selected for the production of fibres.  When 
comparing the two treatment techniques: (a) treating with acidified water; and (b) 
molecular weight fractionation using acetone, the latter is a more effective technique 
in terms of reducing the ash content.  The low ash content of acetone-soluble lignin 
reported in this section and its homogeneity reported in Section 4.4.2.2, lead to the 
selection of acetone-soluble lignin for fibre production; this is discussed in Chapter 5.  
 
4.4.2.4 Lignin Content of Acetone-soluble and Acetone-insoluble Lignins 
 
The lignin content was calculated from the total acid-insoluble lignin (Klason lignin) 
and acid-soluble lignin, as shown in Table 4.14;  the as-received lignin is taken as                
the reference point.  The purity of lignin is based on the Klason and acid-soluble lignin.  
Acetone-soluble lignin shows a total lignin content of  98.4 ± 2.3% and other 
components can be assigned to inorganic and carbohydrates [34,97,245].                               
A significant increase in acid-soluble lignin content was seen for the acetone-soluble 
lignin, compared to that for the as-received lignin, which increased from 4.45 ± 0.01% 
to 7.20 ± 0.05%.  This could be attributed to the low molecular weight component 
contained in acetone-soluble lignin. Similar results have been reported in the literature 
[34,85] which are compiled in Table 4.14.  On the other hand, the content of                         
acid-soluble lignin in the acetone-insoluble lignin decreased from 4.45 ± 0.01% to                  
3.68 ± 0.01%.   
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Current work    
As-received lignin 92.7 ± 0.9 4.45 ± 0.01 97.2 ± 0.8 
Acetone-soluble lignin 91.2 ± 2.3 7.20 ± 0.05 98.4 ± 2.3 
Acetone-insoluble lignin 91.1 ± 1.2 3.68 ± 0.01 94.8 ± 1.2 
Data from the literature    
IndulinAT lignin [34] 91.0 ± 0.4 2.51 ± 0.1 93.5 ± 0.5 
Methanol-soluble Indulin AT lignin [34] 90.8 ± 0.8 3.13 ± 0.1 93.9 ± 0.8 
Methanol-insoluble Indulin AT lignin [34] 90.8 ± 0.0 1.13 ± 0.1 92.1 ± 0.1 
Softwood Kraft lignin [85] 92.3 2.5 94.8 
Acetone-soluble softwood Kraft lignin [85] 64.4 16.9 80.9 
Ethanol-soluble softwood Kraft lignin [85] 57.0 20.5 87.5 
 
From the characterisations of the lignins obtained from fractionation using acetone, 
the acetone-soluble lignin has the lowest ash content (0.055 ± 0.021%) and the highest 
molecular weight homogeneity (PDI of 1.73 ± 0.07) and a lignin content of 98.4 ± 2.3%.  
These again support the selection of acetone-soluble lignin as the material for the fibre 
formation.  Other relevant properties of acetone-soluble lignin were characterised and 




4.4.2.5 Thermo-gravimetric Analysis of Acetone-soluble and Acetone-
insoluble Lignins  
 
Figure 4.26 and Figure 4.27 show the TGA and DTG data for acetone-soluble and 
acetone-insoluble lignins.  Various distinct mass-loss stages were observed in both 
lignins.  For comparison, the as-received lignin was used as a reference; the same four 
stages of mass-loss were applied for these two lignins.  In the first stage, a small      
mass-loss of approximately 1-2% is seen below 150 ºC.  This was found in both the 
lignins.  Figure 4.26 (b) displays an enlarged view of the first stage region for acetone-
soluble lignin; the DTG curve displays a peak at 64.6 ºC with the mass-loss rate of 0.3 
%/ºC and an endset DTG around 120 ºC.  Acetone-insoluble lignin shows a DTG peak 
at 72.1 ºC and the endset DTG is around 135 ºC.  These two values are higher than 
those of acetone-soluble lignin, as shown in Figure 4.27 (b).  This implies that                       
the acetone-insoluble lignin rather than the acetone-soluble lignin may have a higher 
affinity for water.  This statement is supported by the mass-loss rate of                             
acetone-insoluble lignin which dropped from 0.3 %/ºC for acetone-soluble lignin to 0.2 
%/ºC for acetone-insoluble lignin. 
In the second stage, between 150 ºC and 310 ºC, the residual mass of                        
acetone-soluble and acetone-insoluble lignins at 310 ºC are 88.1± 2.4% and 89.9 ± 
0.9%, respectively.  
The major mass-loss was found in the third stage, between 310 ºC and 600 ºC. In 
this stage, the mass-loss rates for acetone-soluble and acetone-insoluble lignin are                
3.1 ± 0.2% and 2.9 ± 0.2%.  The mass-loss in this stage is 42.3% for acetone-soluble 
and 37.6% of acetone-insoluble lignin.  The residual mass at 600 ºC for                          
acetone-soluble lignin (45.5 ± 2.8%) lower than that of acetone-insoluble lignin                    
(55.2 ± 5.1%) and as-received lignin (56.0 ± 4.1%).  The mass-loss and DTG curves 
of as-received lignin are overlaid with lignins obtained from fractionation using acetone, 
as displayed in Figure 4.28. The results from the TGA results are compiled in Table 
4.15.  The highest mass-loss rate was found for the acetone-soluble lignin.  This trend 
correlates well with the results reported in the literature, which are summarised in Table 
4.15 [34,98,124].  
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In the fourth stage above 600 ºC the decrease in mass-loss rate was clearly 
observed in both acetone-soluble and acetone-insoluble lignins and are similar to                 
the as-received lignin.  The mass-loss for all three lignins (as-received,                                
acetone-soluble and acetone-insoluble) is in the range of 8% to 10%, and the acetone-
soluble lignin shows the highest mass-loss rate of 0.35 %/C, as shown in Figure 4.28 
(b).  The lowest residual mass at 900 ºC was exhibited in acetone-soluble lignin                            
(36.5 ± 1.4%), whilst the residual masses of acetone-insoluble and as-received lignin 
are 41.0 ± 3.7% and 45.0 ± 1.2%, respectively.  The decrease in residue mass of                  
the soluble-fraction lignin as compared to the parent lignin has been reported 
previously in the literature [34,98,124].   
The residual char was calculated using the residual mass from TGA subtracted with 
the ash content analysed in accordance with the TAPPI T211 om-02 standard.                   
The highest residual char was found for the as-received lignin which is 43.8 ± 1.2%.  
After fractionation using acetone, the acetone-soluble and acetone-insoluble lignins 





Figure 4.26 TGA and DTG curves for acetone-soluble lignin: (a) the thermal 
decomposition range from 25 ºC to 900 ºC  divided into four main stages; and (b) 




































Step 1 = -1.4 %
Step 2 = -8.8 %
Step 3 = -42.3 %
Residue at 900 C   
37.5%























































Figure 4.27 TGA and DTG curves for acetone-insoluble lignin: (a) the thermal 
decomposition range from 25 ºC to 900 ºC  divided into four main stages; and (b) 




































Step 1 = -1.2 %
Step 2 = -9.6 %
Step 3 = -37.6 %
Residue at 900 C   
43.6%























































Figure 4.28 Overlaid TGA and DTG curves for pre-dried as-received lignin, acetone-soluble lignin and acetone-insoluble lignin: (a) 
















































Table 4.15 Compiled TGA results for as-received lignin and lignin from acetone fractionation. The TGA experiment conducted from 
25 to 900 ºC and heating rate 10 Kminute-1 under an argon with a flow rate of 50 mlminute-1. 
Lignin samples 
Residual mass (%) 
T50% 
(C) 














Current work        
Pre-dried as-received lignin 98.0 ± 0.2 90.8 ± 0.3 56.0 ± 4.1 45.0 ± 1.2 675 391.5 ± 10.9 2.6 ± 0.1 
Acetone-soluble lignin 97.5 ± 1.7 88.1 ± 2.4 45.5 ± 2.8 36.5 ± 1.4 559 393.6 ± 10.8 3.1 ± 0.2 
Acetone-insoluble lignin 98.3 ± 0.7 89.9 ± 0.9 55.2 ± 5.1 41.0 ± 3.7 630 387.8 ± 5.8 2.9 ± 0.1 
Data from the literature        
IndulinAT lignin [124] 98 86 52 48* 711 334 0.2 
Methanol-soluble Indulin AT lignin  96 66 42 40* 434 313 0.2 




Residual mass (%) 
T50% 
(C) 














Softwood Kraft lignin [34] 98 89 50 35 600 384 4.5 
Methanol-soluble softwood Kraft 
lignin  
98 84 42 30 540 369 7.0 
Methanol-insoluble softwood Kraft 
lignin 
98 89 52 40 640 404 4.0 
BioChoicelignin [98] 97 87 45.2 45.2** 540 390 0.31 
Methanol/acetone-soluble 
BioChoicelignin 
97 82 37.5 37.5** 420 375 0.4 
Methanol/acetone-insoluble 
BioChoicelignin 
97 84 46.6 46.6** 540 360 0.23 
Note: * The residual mass at 780 ºC and ** The residual mass at 600 ºC. 
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4.4.2.6 Differential Scanning Calorimetry of Acetone-soluble and Acetone-
insoluble Lignins 
 
The lignin samples were heated from 25 °C to 250 °C in the DSC in order to 
determine their Tg.  A heating rate of 10 Kminute-1 was used and three successive 
temperature scans were carried out as described in Section 3.4.5.  Figure 4.29 shows 
DSC traces for the lignins obtained from fractionation using acetone.  DSC traces for 
as-received lignin have been included to enable comparison.  The same pattern was 
found in the DSC traces for these three lignins.  The first heating scan shows a broad 
endothermic and a Tg1, but the endothermic peak disappeared in the second and third 
heating scans and a clear Tg was noticed. 
The enthalpy of vaporisation for acetone-soluble lignin is 46.0 Jg-1 which is 
significantly lower than that of acetone-insoluble lignin (96.9 Jg-1) and as-received 
lignin (65.7 Jg-1).  This indicates the presence of moisture in the sample.  This 
correlates with the analysis from the TGA results where a mass-loss of about 2- 2.5% 
was observed from 25 °C to 150 °C.  
Tgs from three successive scans are plotted in Figure 4.30.  The acetone-soluble 
lignin shows the lowest Tg, in all three heating scans, whereas acetone-insoluble lignin 
exhibits the highest Tg.  Tgs data from the second heating scan of acetone-soluble and 
acetone-insoluble lignins are 145.8 ± 0.3 °C and 189.1 ± 0.4 °C, respectively whilst 
that for as-received lignin is 163.0 ± 1.5 °C.  The reduction in Tg for lignin obtained from 
the soluble-fraction and the increase in Tg of the insoluble-fraction have been reported 














































































































































Figure 4.30 Glass transition temperatures analysed from as-received lignin and 
lignins obtained from fractionation using acetone. 
 
Correlation between the Tg and Mw of lignins has been reported in the literature.  In 
general the Tg increases with increasing Mw and a linear regression trend has been 
observed [29,83,124].  Figure 4.31 shows compiled Tgs and Mw for parent lignins and 
the lignins obtained from molecular weight fractionation.  A linear correlation is seen.  
The red circles represent the Tgs of the as-received and the lignins from fractionation 
using acetone and these are plotted against the correspond Mw (determined by GPC) 
which are described in Sections 4.2.2 and 4.4.2.2. A linear relationship is observed 








































Figure 4.31 A plot of Tgs versus weight average molecular weight (Mw). The results 
from the current work are plotted as red circle and fitted with a linear regression line. 
The data and the data from the literature have also been plotted [29,83,124]. 
 
The correlation between the Tg and fractionation composition can be expressed 
using the Flory-Fox equation (Equation 4.7 [287]).  The as-received lignin is composed 
of fraction representing acetone-soluble and acetone-insoluble lignin, therefore, the Tg 










 Equation 4.7 
 
where W1 and Tg1 are the fractionational yield and Tg (in K) of acetone-soluble lignin. 






The calculated and experimentally derived Tgs for the as-received lignin are 163.19 C 
and 163.0 ± 1.5 C, respectively.  
 
4.4.2.7 Functional Group Analysis of Acetone-soluble and Acetone-
insoluble Lignins by Fourier Transform Infrared Spectroscopy 
 
FTIR spectra of as-received lignin, acetone-soluble lignin and acetone-insoluble 
lignin are shown in Figure 4.32.  All three lignins show similar absorption spectra and 
the peak position deviated by only of 2-3 cm-1. 
The relative intensity of the absorption bands of O-H stretching (at 3,390 cm-1), 
phenolic O-H (at 1,365 cm-1), aliphatic secondary O-H (at 1,081 cm-1) and aliphatic 
primary O-H (at 1,030 cm-1), with reference to the aromatic vibration (at 1,514 cm-1) 
were calculated in order to observe the concentration of the hydroxyl groups.  The data 
are given in Table 4.16 where it seen that the lowest relative hydroxyl content is for 
acetone-soluble lignin.  It has been reported that a decrease in the aliphatic O-H leads 
to an improvement in thermal mobility [155,168,266].  On the other hand,                             
the acetone-insoluble lignin shows an increase in the aliphatic O-H concentration.  
These results suggest that the acetone-soluble lignin chain may have better thermal 
mobility when compared to as-received and acetone-insoluble lignin.  
The FTIR spectra can be analysed for the condensation index (CI) to gain an insight 
into the structure of lignin.  The condensation index [97,288] was calculated for            
the three lignin samples using Equation 4.8: 
 
Condensation Index (CI) =
Sum of all minima between 1500 and 1050 cm−1




From Table 4.16, a lower CI value is seen for the acetone-soluble fraction whereas 
the acetone-insoluble lignin has an increased value when compared with                                  
the as-received lignin. The structural condensation index obtained via FTIR can be 
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related to molecular weight distribution. Lignins with a higher PDI value tends to 
possess more condensed structures. This suggests that fractionation using acetone 
can be employed to improve the homogeneity of lignin and enable the selection of 
fractions for fibres formation. 
  
Table 4.16 Relative intensities of FTIR absorbance band for hydroxyl groups and 


















As-received lignin 0.733 0.600 0.649 0.702 0.72 
Acetone-soluble lignin 0.606 0.492 0.518 0.638 0.66 




Figure 4.32 FTIR spectra of as-received, acetone-soluble and acetone-insoluble lignins: (a) whole spectral range; and (b) enlarged 













































4.5 Treating Acetone-insoluble Lignin with Acidified Water  
 
  The ash content of the acetone-soluble and insoluble fractions are 0.055 ± 0.021% 
and 2.395 ± 0.034%.  As discussed in Section 4.4.2.3, acetone-soluble lignin can be 
one of the material choices for the production of fibres and this is reported in                   
Chapter 5.  On the other hand, acetone-insoluble lignin has a high ash content, so it 
requires an appropriate treatment before it can be used for manufacturing fibres.  
With reference to the outcome of the Taguchi DoE discussed in Section 4.3,                     
the optimum processing condition is the treatment of as-received lignin using pH 2 
acidified water.  In this instance, the acetone-insoluble lignin was treated with HCl at 
pH 2.  The ash content in the acid-treated acetone-insoluble lignin decreased to 0.358 
± 0.016%.  This is 85% lower than that found in acetone-insoluble lignin.  The elemental 
compositions (sulphur, sodium, magnesium, silica, potassium) for the ash are reduced; 
sodium, sulphur and potassium decrease by 91.6%, 90.2% and 84.2%, respectively 
when compared to the untreated acetone-insoluble lignin. 
Figure 4.33 shows the ash contents at pH2 acetone-insoluble lignin compared with 
the other lignins produced in the current work.  Ash content retained acetone-insoluble 
lignin after treatment at pH 2 is close to that the as-received lignin treated at pH 2 
(0.354 ± 0.020%).  This could imply that the lowest ash content retained in the acid 




Figure 4.33 Inorganic elements found in the ash content from acid-treated acetone-
insoluble lignin compared with other lignin samples produced in this work.  
 
The characterisation of the moisture content, molecular weight, thermal properties 
and functional group determination were carried out on the acid-treated                       
acetone-insoluble lignin.  These results are compiled in Table 4.17.  After treatment 
with pH 2 acidified water, slightly increase in Mw to 10,200 ± 566 gmol-1 and PDI to 
3.04 ± 0.23 were found, compared to acetone-insoluble lignin (Mw of                             
9,600 ± 566 gmol-1 and PDI of 2.82 ± 0.28).  The Tg2 analysed from the second heating 
scan of pH 2 acetone-insoluble lignin is 188.3 ± 3.4 C, and the predicted Tg using                  
the linear model showed in Figure 4.31 and described in Section 4.4.2.6 is 194.7 C.  
According to Table 4.17, considering the results from TGA, the residue mass of pH 2 
acetone-insoluble lignin are 38.4 ± 4.2%.  The calculated char residue of pH 2        
acetone-insoluble lignin is 38.0 ± 4.2% which are comparable to that of                             


















































Organic content Inorganic content
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treated at pH 2 
Moisture content (%) 3.94 ± 1.15 2.61 ± 0.08 
Ash content (%) 
2.395 ± 0.034 
0.358 ± 0.016 
Molecular weight Mw (gmol-1) 9,600 ± 566 10,200 ± 566 
Mn (gmol-1) 3,400 ± 141 3,350 ± 71 
PDI 2.82 ± 0.28 3.04 ± 0.23 
Results from TGA TDTG,onset (C) 248.6 ± 22.8 266.3 ± 14.37 
TDTG, max (C) 387.8 ± 5.8 389.3 ± 4.98 
Maximum mass-loss 
rate (%/ºC) 
2.88 ± 0.02 3.16 ± 5.28 
Residue mass (%) 41.0 ± 3.7 38.4 ± 4.2 
Residue char (%) 38.6 ± 3.7 38.0 ± 4.2 
Results from DSC   
First heating scan Endothermic peak 
(C) 
83.5 ± 0.5 86.3 ± 0.7 
Enthalpy of 
vaporisation (Jg-1) 
96.9 ± 6.9 69.2 ± 5.1 
Tg1 (C) 178.0 ± 0.5 179.4 ± 0.4 
Second heating scan Tg2 (C) 189.1 ± 0.4 188.3 ± 3.4 





• As-received lignin has an ash content of 1.195 ± 0.021%; two major elements 
found in the ash are sulphur and sodium at 46% and 42%, respectively.  The ash 
content has been reported to have an effect on the char content and the mechanical 
properties of the fibres.  Therefore, the as-received softwood Kraft lignin 
(BioChoicelignin) needed subsequent treatment in order to reduce the inorganic 
content. 
• Treating lignin with acidified water is a simple technique to remove inorganic 
impurities.  The conditions for treating the lignin was optimised using Taguchi DoE.  
The optimum conditions are as follows: pH 4; acidified water-to-lignin ratio of                          
100 (cm3:g); washing time of 30 minutes; and the number of cycles equal to five.  From 
ANOVA, the acidic level (pH) is the most influential factor in reducing the ash content 
found in lignin.  It contributes a 65% influence for reducing the ash content.  Fisher 
pairwise comparison showed that the use of pH 2 and pH 4 solutions has no statistically 
significant influence on the ash content.  After treating with acidified water (pH 2),                    
a 70% drop in the ash content in as-received lignin was found.  A decrease in                  
the sulphur and sodium content was also obvious.  The Tg of acid-treated lignin was 
found in the range of 156-158 C.  The relative intensities of phenolic O-H and aliphatic 
O-H absorbances in the acid-treated lignin were reduced. 
• Molecular weight fractionation using acetone can be used as an efficient and 
convenient technique to obtain acetone-soluble lignin with a 57.4 ± 0.6% yield.  
Acetone-soluble lignin has a lower ash content of 0.055 ± 0.021%, lower Mw of                     
4,250 ± 71 gmol-1 and PDI of 1.73 and a lower Tg2 of 145.8 ± 0.3 C, compared to 
those of as-received lignin.  This indicates that the acetone fractionation can be 
employed to remove inorganics and separate out the high molecular weight fraction in 
softwood Kraft lignin. 
• The procedure for the treatment of softwood Kraft lignin (BioChoicelignin) is 
shown in Figure 4.34.  After fractionation, the acetone can be recovered, and                   
acetone-soluble lignin can be obtained. The acetone-insoluble lignin requires further 
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purification to remove the inorganic content. In this study, treatment with acidified water 
was carried out on the acetone-insoluble lignin.  Acetone-insoluble lignin has an ash 
content of 2.395 ± 0.034%.  After treatment with acidified water (pH 2), the ash content 
reduced to 0.358 ± 0.016%.  The Mw, PDI and Tg of pH 2 acetone-insoluble lignin are 
10,200 ± 566 gmol-1, 3.04 ± 0.23 and 188.3 ± 3.4 C, respectively.  
 
 
Figure 4.34 Flowchart showing the steps used for obtaining acetone-soluble lignin 
and acid-treated acetone-insoluble lignin. 
 
• In summary, this chapter reported on an effective method (fractionation using 
acetone) to remove the inorganic content in BioChoicelignin. Acetone-soluble lignin 
showed a reduced inorganic content and heterogeneity in the molecular weight 
distribution. Thus, acetone-soluble lignin was used for fibre spinning which is described 
in Chapter 5.  
 
As-received lignin
Drying in a vacuum oven at 80  C for six hours
Fractionation using acetone 
at 55  C for five hours
Acid-treated acetone-insoluble lignin
FiltrationInsoluble-fraction
Treatment with acidified water
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Drying in a vacuum oven at 80  C for six hours









This chapter reports on a novel approach that was developed for electro-spinning 
of acetone-soluble softwood Kraft lignin without the need of polymer blending or 
chemical modification. Furthermore, the primary solvent used for electro-spinning 
lignin (DMSO) is non-toxic and the secondary solvent (acetone) is significantly less 
toxic than the solvents reported in the literature. The parameters for the electro-
spinning of acetone-soluble lignin were optimised to produce bread-free lignin fibres. 
Moreover, axially-aligned electro-spun lignin fibres were produced using a custom-
made grounded graphite electrode collector. Subsequent steps for the production of 
carbonised lignin fibres which included the removal of residual solvents, thermo-
stabilisation and carbonisation are discussed in detail.     
The production of fibres from neat lignin has not been reported extensively. The 
majority of previous reports are based on hardwood Organosolv lignin dissolved in 
ethanol [103,183], whilst softwood lignin has required a blend involving PEO 
[35,36,143], PAN [192,229] and PVA [289] to produce fibres.  It is claimed that 
softwood lignin alone does not possess sufficient viscoelasticity for spinning 
[35,139,143]. Moreover, electro-spinning using lignin requires it to be dissolved in an 
appropriate solvent.  Several researchers have used N, N-dimethylformamide (DMF) 
[35,36,143,192,229] as the solvent.  A compilation of solvent used for electro-spinning 
of lignin is summarised in Section 2.3.2, Chapter 2.  However, DMF is a toxic with 
environmental and health concerns [143,144,149]. 
This thesis reports on a new approach for electro-spinning acetone-soluble 
softwood Kraft lignin without using a second polymer or blend.  Acetone-soluble lignin 
with low ash content of 0.055  0.021% was dissolved in a common and nontoxic 
binary solvent of acetone and dimethyl sulfoxide (DMSO). Subsequent to electro-
spinning, a detailed study was undertaken to define the heating conditions to remove 
the retained solvents. The optimum conditions for thermo-stabilisation and 
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carbonisation were studied.  The properties of the resultant fibres in each of the steps 
mentioned above were determined.  
 
5.2 Criteria for Selecting the Solvent for Electro-spinning of Acetone-soluble 
lignin 
 
Although the acetone-soluble lignin fraction is soluble in acetone, the resulting lignin 
solution cannot be used for extended periods due to the low boiling point of acetone 
(56 °C).  This was observed to lead to the solidification of lignin at the tip of the needle.  
Therefore, a method was required to retard the evaporation rate of the lignin solution 
during electro-spinning.  The options consider was to cool the solution or introduce       
a second solvent with a higher boiling point; the latter option was used. 
In this work, DMSO was used as the second solvent due to the fact that it is mutually 
soluble and compatible with lignin and acetone.  Selected properties of acetone and 
DMSO that are of relevance to electro-spinning, are presented in Table 5.1. Other 
alternative solvents for dissolving lignin for electro-spinning and their properties are 
presented in Appendix A.  The solvents used by previous researchers for                           
electro-spinning lignin are also included in Table 5.1.  With reference to Table 5.1, as 
the boiling point of DMSO (189 °C) is higher than that of acetone.  Hence, the overall 
evaporation rate of the solvents can be retarded. 
As seen in Table 5.1, the majority of the solvent used in the literature are toxic.  For 
example, DMF and DMAc have been used extensively, which are reviewed and 
complied in Table 2.8, Chapter 2.  In the current project, the decision was taken not to 
use any toxic solvents, so DMSO was chosen because it has lower electrical 
conductivity and higher dielectric constant than DMF.  Moreover, it is known that 
solvents with high dielectric constant can reduce the formation of beads during                 
electro-spinning [169,174].  However, as seen in Section 2.3.2, a number of other 
factors can lead the formation of beads.  For example, the solution viscosity [171–173], 

























D P H 
Acetone 
 
15.5 10.4 7 56 31.2 -95 23.3 5x10-9 20.6 
DMSO Not a hazardous 
substance  
18.4 16.4 10.2 189 52.9 18.5 43.7 2x10-9 46.6 
DMF 




16.8 11.5 10.2 166 49 -20 34 2 x10-9 37.8 
Ethanol 
 
15.8 8.8 19.4 78 42.3 -114 22.3 1x10-9 22.4 
*  Toxicity is represented with hardzard symbol; : Serious health hazard, : Flammable, : Health hazards. 
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5.3 Influence of the Concentration of Acetone-soluble Lignin on the Solution 
Properties and Morphology of Electro-spun Fibres 
 
The concentration of lignin in the binary solvent has an influence on the solution 
viscosity and electrical conductivity.  This was investigated using lignin concentrations 
corresponding to 45, 48, 53 and 58 wt%.  The volume ratio of acetone to DMSO was 
maintained at 2:1.  The properties of the lignin solutions are discussed in the following 
section. 
 
5.3.1 Viscosity and Electrical Conductivity of Acetone-soluble Lignin 
Solutions  
 
Figure 5.1 shows a plot of the viscosity versus the shear rate for lignin solutions of 
specified concentrations.  The data shows shear thinning behaviour and                                  
the extrapolated viscosities at zero shear viscosity are summarised in Table 5.2.                  
The solution viscosity acquired from various lignin concentrations from 45- 58 wt% is 
in a range 0.2-0.6 Pas.  As expected, the viscosity of the solution increased with 
increasing lignin concentration.  The electrical conductivity of the solutions is 
summarised in Table 5.2.  An increase of lignin concentration results in an increase in 





Figure 5.1 Observed relationship between the viscosity and shear rate for                  
























Table 5.2 Viscosity and electrical conductivity of lignin solutions at specified 








Ave. SD. Ave. SD. 
45 0.23 0.00 2.29 0.05 
48 0.31 0.03 2.33 0.07 
53 0.43 0.01 2.37 0.02 
58 0.62 0.04 2.41 0.04 
Acetone 0.00036 0.00 1.83 0.01 
DMSO 0.0019 0.00 2.17 0.02 
 
Table 2.8, Section 2.3.2, provides a compilation of selected papers on the electro-
spinning of lignin fibres was presented where bead-free electro-spun fibres were 
reported [103,118,183].  Total polymer concentration compiled in Table 2.8 varies from 
9 - 50 wt%. 
 
5.3.2 Morphology of Electro-spun Acetone-soluble Lignin Fibres  
 
The electro-spinning of acetone-soluble lignin solution with different lignin 
concentrations was carried out using a custom-made electro-spinning unit as 
described in Section 3.3.2.1, Chapter 3.  Figure 5.2 (a-d) shows micrographs of  
electro-spun fibres obtained from lignin solutions at specified concentrations.              
The micrographs have been coded and paired with low and higher magnification 
images at the top and bottom rows, respectively; “a” represents the low-magnification 
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micrographs and “a*” represents the corresponding higher magnification micrograph.  
Electro-spinning using a solution concentration of 45 wt% resulted in beaded fibres 
(see Figure 5.2 (a and a*)).  By increasing the concentration of lignin to 48 wt%,                     
the presence of the beads on the electro-spun fibres was eliminated; however,                       
the spun fibres consisted of mixture circular fibres and flat ribbons.  When                                
the concentration of lignin to 53 wt% bead-free electro-spun fibres were produced, and 
the occurrence of flat fibres was reduced. However, increasing the lignin concentration 
to 58 wt% caused an increase in the presence of ribbon-like fibres and their relative 
widths increased.  A number of fractured fibres were also observed. The fibre diameter 
distributions for the lignin concentrations corresponding to 48, 53 and 58 wt%                 
acetone-soluble lignin in acetone/DMSO are presented in Figure 5.3 (a-c).  A normal 
distribution trace has been superimposed on each dataset.  The average fibre 
diameters for the 48, 53 and 58 wt% lignin are 0.69 ± 0.35, 1.16 ± 0.21 and                                 






Figure 5.2 SEM micrographs showing the effect of the lignin concentrations on the fibre morphology: 45 wt% (a and a*) , 48 wt% (b 













Figure 5.3 Histograms and normal distributions for the fibre diameters for electro-
spun acetone-soluble lignin fibres at different lignin concentrations of: (a) 48 wt%,             


























































Some of the papers mentioned in Table 2.8, Section 2.3.2 were selected and are 
reproduced in Table 5.3.  Information on the composition of the lignin solution and              
the morphology of the electro-spun fibres are included.  In the majority of the cases, 
there is a view that hardwood lignin does not require to blend with a second polymer 
or blended to enable electro-spinning [103,183].  However, the equipment had to be 
modified to accommodate a co-axial needle.  The consensus of opinion in the literature 
is that softwood Kraft lignin needs to be blended to enable electro-spinning  
[35,36,118,143,144,188,192,193].  
With reference to Figure 5.2 and Table 5.3, it can be said that the current work  
demonstrates a new approach to produce bead-free electro-spun fibres from softwood 
Kraft lignin without using polymer blends.  Moreover, the solvents used for                         
electro-spinning is less toxicity when compared to the solvents have been reported in 
the literature.  Characterisation of the electro-spun acetone-soluble lignin fibres 
produced in this study are described. 
 
Table 5.3 Selected papers on electro-spinning of lignin with the relevant information 
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5.4 Randomly Aligned Electro-spun Acetone-soluble Lignin Fibres and Their 
Properties 
 
Electro-spun acetone-soluble lignin fibres was produced using a solution 
concentration of 53 wt% in a binary solvent of 2/1 volume ratio of acetone and DMSO.   
 
5.4.1 Scanning Electron Microscopy of Electro-spun Acetone-soluble 
Lignin Fibres  
Figure 5.4 (a and b) shows typical SEM micrographs of electro-spun lignin fibres 




in the high magnification micrographs as shown in Figure 5.4 (b).  The determination 
of the fibre diameter was carried out on 300 measurements from six SEM micrographs 
taken from six random areas to obtain representative data on the fibre diameter 
distribution.  The average fibre diameter is 1.16  0.21 m.  The distribution of fibre 
diameters is presented in Figure 5.5 where the range is 0.6 -1.8 m.  The surface 
roughness of the electro-spun acetone-soluble lignin is presented in Appendix B. 
 
 
Figure 5.4 SEM micrographs of the surface of electro-spun acetone-soluble lignin. 
 
 
Figure 5.5 Histogram and normal distribution of the fibre diameter for the as-spun 





Figure 5.6 (a-d) illustrates a cross-sectional view of electro-spun acetone-soluble 
lignin fibres.  As inspection of the cross-sectional view of the fibres showed                             
the presence of circular and elliptical fibres.  The presence of the elliptical fibres may 
be due to the fibres being solvent-rich.  This may also account for some deformation 
of the fibres at the fibre-to-fibre contact points (see Figure 5.6 (c and d)).  It is proposed 
that the elliptical fibres cross-sections can be eliminate by the optimising and 
controlling the evaporation rate of DMSO from the fibres as they travel from the Taylor 
cone to the ground-plate.  This is not straightforward as it is necessary to prevent                
the premature evaporation of the acetone at the tip of the needle, whilst accelerating 
the evaporation of the solvent from the fibres in-inflight, before they are deposited.  
Nevertheless, this study has shown that softwood Kraft lignin can be electro-spun 
without the need for blending.  
 
 
Figure 5.6 SEM micrographs of a cross-sectional views of electro-spun                    






5.4.2 Differential Scanning Calorimetry of Electro-spun Acetone-soluble 
Lignin Fibres  
 
The electro-spun acetone-soluble lignin fibres were characterised using the DSC-1 
from -60 °C to 250 °C.  The thermograms are showed in Figure 5.7 (a).  In the majority 
of cases, DSC data reported in the literature tend to ignore the first heating scan and 
only the data from the second scan are reported [134,185,191].  The reasons that have 
been given for this practice include erasing the “memory of the polymer”.  This can be 
erroneous because the volume of solvent(s) retained in the material will influence the 
magnitude of the Tg in subsequent scans [135,291].  This approach of ignoring the 
data from the first heating scan can lead to incorrect conditions being adopted for 
subsequent heating regimes to remove solvents from the electro-spun fibres. 
With reference to Figure 5.7 (a), this exponentially increasing baseline (i) is 
generally associated with mass-loss within the sample as a function of temperature.  
However, normally with events such as evaporation of low-molecular weight 
components (water and acetone in the current case) from the sample, the baseline will 
return to its original position – as indicated by (ii).  The small but noticeable blip in               
the thermogram (iii) is most likely due to volatiles experiencing a sudden volatilisation 
from the sample.  Coded item (iv) at 124.5 C shows a sudden increase in the heat 
capacity trace and the baseline decreases; this can be attributed to an endothermic 
evaporation event.  This may be water or water associated with DMSO [292,293] and 
DMSO with a boiling point of 189 °C [290].  The fact that the baseline shows a negative 





Figure 5.7 DSC thermograms; (a) showing three successive heating scans for 
electro-spun acetone-soluble lignin fibres where the thermal analysis was carried out 

































































































Figure 5.7 (b) shows an expanded plot for coded region (iv) where this feature is 
more akin to evaporation.  A small endothermic peak is observed around 145 C (v) 
but the origin of this peak is not known, and further research is required to elucidate its 
origin.  However, it is possible that this endothermic feature is associated with a glass 
transition.  In instance, where the polymer is in a strained state, for example,                     
electro-spun fibres, an endothermic relaxation peak will be observed as it is heated 
past the glass transition temperature [294,295].  This endothermic relaxation peak is 
also observed in polymers that are aged or annealed at temperatures close to the glass 
transition temperature of the polymer.  The large endothermic peak coded as (vi) is 
attributed to the evaporation of DMSO from the electro-spun fibres. 
Another analysis of the electro-spun acetone-soluble lignin fibres was conducted 
from 25-250C in nitrogen to observe the replication of the first heating scan.  Figure 
5.8 (a) illustrates the three thermograms and the codes (i–vi) are presented for the first 
heating scan with the same sequence as the previous results shown in Figure 5.7 (a).  
A similar pattern was observed for three endothermic peaks at 71.8, 117.0, 205.5 C, 
respectively.  A small blip located at (iii) is still detected, as shown in the expanded 
view in Figure 5.8 (b), and a small endotherm peak is observed around 145 C (v) 
which is shown as an insert in Figure 5.8 (b).  This is similar to the result described 
previously in Figure 5.7.  
The successive second and third ramped heating scans are shown in Figure 5.7 (a) 
and  Figure 5.8 (a) where the Tg is clearly visible.  The Tg2 from the second and third 
heating scans are 154.4 C and 165 C, respectively.  Reconsidering of the coded 
feature (iv) in Figure 5.7 (b) and Figure 5.8 (b), it may be the manifestation of a Tg for 
plasticised lignin due to the presence of DMSO.  However, its disappearance in                    
the second and third scans may also represent volatility in the sample as a function of 
temperature. 
The negative slope in the second scan after 240 C may be indicative of                         
cross-linking reactions in the lignin as this is an exothermic process.  Previous 
researches have suggested that lignin can cross-link at temperatures above 230 C 
[134,135,217,218,221].  This may explain the observed increase in the Tg2 in                     




Figure 5.8 DSC thermograms where the thermal analysis was carried out in nitrogen 
from 25-250 C: (a) showing three successive heating scans for electro-spun 




































































































The weights of the electro-spun acetone-soluble lignin fibres were measured to 
determine the mass-loss after three successive scans.  The mass-loss was measured 
to be between of 13.4 - 15.7%.  TGA analysis of the electro-spun acetone-soluble lignin 
fibres is discussed in the next section where mass-loss data from the DSC are 
compared. 
 
5.4.3 Thermo-gravimetric Analysis of Electro-spun Acetone-soluble Lignin 
Fibres  
 
Figure 5.9 shows the TGA and DTG curves for the electro-spun acetone-soluble 
lignin fibres.  The DTG trace for electro-spun fibres shows four major peaks and                
a minor peak. Peak-a at 62 °C is assigned to the evaporation of moisture or low 
molecular weight component (water and acetone).  Peak-b at 132.1 °C is assumed to 
be due to the evaporation of water and water associated with DMSO.  Peak-c at 221.3 
°C is due to the evaporation of DMSO. The three DTG peaks (a, b and c) at  62 °C, 
132.1 C and 221.3 °C, respectively, correlate well with the results obtained from the 
first heating scan of DSC trace where the three endothermic peaks are seen and 
discussed in Section 5.4.2.  Mass-loss at 250 °C for the electro-spun                      
acetone-soluble lignin from the TGA data is 13.6% and this also correlates well with 
that measured after the DSC experiments.  The origin of the shoulder peak-d at          
269.3 °C is not known but it presents also in the lignin powder. Peak-e at 393.3 °C is 




Figure 5.9 TGA and DTG curves for electro-spun acetone-soluble lignin fibres.  
 
Figure 5.10 shows an overlaid plot of the TGA and DTG curves of the electro-spun 
acetone-soluble lignin fibres and acetone-soluble powder.  On inspection the mass-
loss data in Figure 5.10, the faster rate of mass-loss for electro-spin fibres is 
reasonable because the (i) surface area of the electro-spun fibres (fibre diameter of 
1.16  0.21 m) when compared to powder (particle size of 13.2 ± 0.16 µm).                              
(ii) the electro-spun fibres contain absorbed moisture, acetone and DMSO whereas, 
the powder has absorbed moisture.  
Interestingly, the residual mass the two samples at 900 C is approximately                         
36-38 %.  This suggest that the presence of moisture and solvent does not influence 
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Figure 5.10 Overlaid TGA and DTG curves of electro-spun acetone-soluble lignin 
fibres plotted in solid line and acetone-soluble lignin powder plotted in dotted line. 
 
5.5 Heating of Electro-spun Acetone-soluble Lignin Fibres to Remove 
Acetone and DMSO 
 
Prior to thermo-stabilisation and carbonisation of the electro-spun acetone-soluble 
lignin fibres, it is essential to investigate and develop a procedure to remove                          
the retained acetone and DMSO.  Moreover, it is also necessary to establish                          
the optimum processing conditions for thermo-stabilisation of the solvent-free fibres 
and the subsequent heat treatment procedures for carbonisation.  The characteristic 
features of the resultant fibres after each step of processing are analysed and 











































Prior to discussing the effect of the heating temperature before carbonisation,                   
the author wishes to declare that it is recognised that the average diameters of                      
the as-spun lignin fibres, and those were heated in nitrogen and air were 1.42 ± 0.15,                    
1.17 ± 0.19 and 1.21  0.25  µm, respectively.  There are not similar possibly because 
of variation in the properties of solution and the time lapse between the production of 
the polymer solution and the production fibres.  However, analyses of the electro-spun 
fibres from the same batch were used to study the effect of the heating temperature 
on the fibre morphology. 
The heating experiments were carried out for six hours each, at 100 C, 140 C,                
180 C and 200 C.  The electro-spun acetone-soluble lignin fibres were heated in                  
(i) air, (ii) nitrogen or (iii) a vacuum oven.  In the case of (i) and (ii), the gas flow was 
consistent at 50 mlminute-1.  The experimental set up is illustrated in Figure 3.10, 
Chapter 3.  The heating temperatures were selected on the basis of the DSC results 
obtained for the electro-spun acetone-soluble lignin fibres, as explained in Section 
5.4.2.  The Tg2 from the second heating scan of the electro-spun acetone-soluble fibres 
is 154.4 C.  Hence, the temperature regime for heating experiment was dictated by 
this temperature. 
 
5.5.1 Scanning Electron Microscopy of Heated Electro-spun Acetone-
soluble Lignin Fibres 
 
The morphology of the electro-spun fibres that were heated at 100, 140, 180 and 
200 °C for six hours, in air, nitrogen and in a vacuum oven is shown in Figure 5.11. 
Evidence of fibre fusion was not observed when the electro-spun fibres were heated 
at 100 or 140 C, in air, nitrogen or a vacuum oven.  However, it is clearly shown that 
all fibres fuse at the fibre cross-over regions when the temperature is 180 C.                             




Figure 5.11 Fibre morphology as a function of temperatures and environments. 
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Since, the boiling point of DMSO is 189 C, evaporating it at 140 C will take 
significant amount of time.  Moreover, the Tg1 and Tg2 of the electro-spun                        
acetone-soluble fibres are approximately 140 C (note the uncertainty in the Tg1 
because the fibres are solvent-rich) and 154.4 C, respectively.  Subjecting these fibres 
to temperature in excess of their Tg can cause sagging and fibres fusion at the contact 
point.  The extent of fibres fusion can be influence of many factors.  (i) The volume of 
solvent that is retained in the electro-spun fibres as they are deposited on the ground 
plate.  (ii) The relative diameter of the electro-spun fibres as a function of                            
electro-spinning time.  This is stated in the context of variability in fibre diameter.                    
(iii) The evaporation rate of the solvent as it resides on ground plate.  This will be                     
a function of the surface-properties of the fibres and the environmental temperature.  
(iv) Surface evaporation from the fibres will enable a skin to be formed, depending on 
its thickness and mechanical properties.  The skin can enable retention of a circular 
geometry.  (v) The storage conditions of the fibres can also influence its cross-section.  
For example, a solvent-loaded fibre will creep and sag under its own weight when 
subjecting them to heat treatment in a vacuum oven. 
Heating the fibres in a vacuum oven is one way to accelerate the evaporation of 
solvents as it can increase the partial pressure difference and reduce the boiling point 
of the solvent.  From the integration of the Clausius-Clapeyron equation (Equation 
(5.1)) [296], it can be figured out that the boiling point of DMSO is reduced to 140 C 
when the vacuum is lowered to 200 mbar (see Figure 5.12).  Therefore, heating                     
the electro-spun acetone-soluble fibres at 140 C in a vacuum oven can be an effective 

















where 𝑃𝑖  in torr represents vapour pressure at temperature 𝑇𝑖  (K), ∆𝐻𝑣𝑎𝑝  is                        
the enthalpy of vaporization (Jmol-1) and R is the ideal gas constant (8.314 Jmol-1).  
205 
 
The boiling points and enthalpies of vaporization (∆𝐻𝑣𝑎𝑝) for acetone are 56 C and 
40.65 k Jmol-1and 189 C and 52.9 kJmol-1for DMSO, respectively. 
 
 
Figure 5.12 Relationship between boiling point and external pressure for DSMO, 
water and acetone [296]. 
 
5.5.2 Differential Scanning Calorimetry of Heated Electro-spun Acetone-
soluble Lignin Fibres 
 
As discussed in Section 5.5.1, the electro-spun acetone-soluble lignin fibres were 
heated in a vacuum oven at 140 C for six hours.  Prior to venting the vacuum oven to 
atmosphere, the gas inlet was connected to a silica gel canister to prevent moisture 
from being introduced into the vacuum oven and the lignin sample.  Moreover,                       
the electro-spun lignin sample was stored in a desiccator until required.  Therefore,         
the presence of the endotherm in the DSC scan (regions (i) and (ii)) as shown in               































the sample being exposed to the atmosphere during preparation and weighing                     
the sample for the DSC measurement.  A noticeable blip located at (iii) is the same as 
that discovered in the electro-spun fibres.  This is possibly due to volatiles escaping 
suddenly from the sample via the two holes on the crimped top-lid of the sample pan.  
In Figure 5.13 (b) the baseline is seen to increase gradually as a function of 
temperature with a rapid increase between 105 and 151 C; this is attributed to the Tg.  
During this increase, two small endothermic peaks at 122 C (iv) and 134 C (v) are 
noticeable, however, its origin is still unclear.  Coded point (iv) and (v) may be attributed 
to enthalpy relaxation during solvent evaporation.  Coded items (vi) and (vii) this can 
be attributed to the evaporation of DMSO associated with water and DMSO, 
respectively.  The presence of two thermal events can be seen at 210°C (viii) and      
245 °C (ix).  However, the origin of these thermal events are still unclear in their 
explanation.  Tgs reading from the second and third heating scans for the electro-spun 
soluble lignin fibres heated in a vacuum oven at 140 C for six hours are                                
149.4 ± 0.8 C and 154.5± 1.6 C, respectively. 
Figure 5.14 illustrates an overlaid plot for the first heating scan acquired from 
electro-spun fibres (dotted line) and the electro-spun fibres heated in a vacuum oven 
at 140 C for six hours (solid line).  Heating the electro-spun fibres for six hours at      
140 C in a vacuum oven result in a significant decrease in the peak areas (a, b and 
c).  The observed trend indicates clearly that the electro-spun fibres contained 
moisture, acetone and DMSO.  Peak-a is attributed to evaporation of acetone and 
water.  Peak-b is possibly due to water associated with DMSO.  Since the peak-b at 
117 C is not present in the electro-spun fibres heated in a vacuum oven, it can be 
attributed to the evaporation of DMSO.  Peak-c at 205 C decrease significantly when 
compared to the fibres heated in the vacuum oven.  The reduction of the three peaks 
correlates with their mass-loss recorded prior to and after the DSC scans.                             
The mass-loss of the electro-spun acetone-soluble lignin fibres heated in the vacuum 
oven is 4.2 - 4.4% which is significantly lower than that of the mass-loss of                                





Figure 5.13 DSC thermograms illustrating three successive heating scans for electro-





































































































Figure 5.14 An overlaid the first heating scan thermogram of electro-spun acetone-
soluble lignin (dotted line) and the electro-spun fibres heated in a vacuum oven at 
140 C for six hours (solid line). 
 
5.5.3 Thermo-gravimetric Analysis of Heated Electro-spun                       
Acetone-soluble Lignin Fibres 
 
Figure 5.15 shows the mass-loss and DTG curves for electro-spun acetone-soluble 
lignin fibres heated in a vacuum oven at 140 C for six hours.  The mass-loss reading 
at 250 C is 4.27%, which is in the same range of mass-loss recorded from the DSC 


































Figure 5.15 TGA and DTG curves for electro-spun lignin acetone-soluble lignin fibres 
heated on a vacuum oven at 140 C for six hours. 
 
Figure 5.16 illustrates overlaid DTG and mass-loss curves for: a- acetone-soluble 
lignin powder, b- electro-spun acetone-soluble lignin fibres and c- electro-spun 
acetone-soluble lignin fibres heated in a vacuum oven at 140 C for six hours.                       
The solid lines represent the DTG curves and the dotted lines correspond to mass-loss 
data.  Considering trace-c, in Figure 5.16, the two sharp peaks at 132.1 C and 221.3 
C are not present.  This can be attributed to removal of volatile during heating in                   
the vacuum oven.  The DTG for trace-c, the electro-spun fibres heated in vacuum oven 
at 140 C for six hours, is similar to that of trace-a, the acetone-soluble lignin powder.  
The electro-spun fibres heated in a vacuum oven exhibits a sharp peak at 393.3 C. 
This corresponds to thermal degradation with a rate of 3.78 %/ºC.  This rate is 
noticeably higher than that of acetone-soluble lignin powder (trace-a).  This may be 
due to the higher surface area of the electro-spun acetone-soluble lignin fibres.  




































Step 1 = -0.8 %
Step 2 =  -11.1 %
Step 3 = -45.9 %
Residue at 900 C   
36.9%








Figure 5.16 DTG and TGA and curves: a- acetone-soluble lignin powder, b- electro-
spun acetone-soluble lignin fibres, c- electro-spun acetone-soluble lignin fibres 
heated in a vacuum oven at 140 C for six hours. Sample code with an asterisk 
represents the mass-loss data.  
 
5.5.4 Fourier Transform Infrared Spectroscopy of Heated Electro-spun 
Acetone-soluble Lignin Fibres  
 
The FTIR spectra does not present any significant change for the electro-spun 
acetone-soluble lignin as a function of the heating temperature and environment.                   
The FTIR spectra for the samples are compiled and shown in Appendix C.  An example 
of overlaid FTIR spectra obtained from the sample heated in air, nitrogen and a vacuum 
at the same temperature of 140 C are illustrated in Figure 5.17.  The FTIR spectra of 




























































































5.6 Thermo-stabilisation of Electro-spun Acetone-soluble Lignin Fibres 
 
After heating the electro-spun acetone-soluble lignin fibres as discussed previously 
in Section 5.5, thermo-stabilisation experiments were conducted separately using                  
air- and nitrogen-flow in a tube furnace.  The selection of the temperature for                     
thermo-stabilisation was based on the TGA data for the electro-spun acetone-soluble 
fibres heated in a vacuum oven, which is shown in Figure 5.15.  The onset for 
maximum TDTG was 263.35 C, therefore the thermo-stabilisation temperature was 
selected to be 250 C at 0.5 Kminute-1.  In order to remove moisture and the solvent 
retained in the sample, the electro-spun fibres were subjected to isothermal dwells at 
100 C, 150 C and 250 C for one hour in a sequential fashion.  Fibre samples were 
removed after they was thermo-stabilised at 150C, 180C, 200C, 220C and 250C 
in order to observe the changes in the fibre morphology. 
Figure 5.18 shows a photograph of a set on the electro-spun fibres thermo-stabilised 
in at different temperatures.  The fibres did not show any evidence of fibre-to-fibre 
fusion after thermo-stabilisation in air.  However, the electro-spun acetone-soluble 
lignin fibres that were thermo-stabilised in nitrogen were fused and could not retain 
their shape.  
 
 
Figure 5.18 Photographs of the electro-spun acetone-soluble lignin fibres showing 




5.6.1 Scanning Electron Microscopy of Thermo-stabilised Electro-spun 
Acetone-soluble Lignin Fibres 
 
In Figure 5.19 (a-e), at first sight it seems that the electro-spun fibres that were 
thermo-stabilised in nitrogen were fused and that the degree of fibre fusion increased 
with increasing temperature.  However, this was not the case with the electro-spun 
fibres that were thermo-stabilised in air.  Figure 5.19 (f-j) show that these fibres retained 






Figure 5.19 Fibres morphologies of the electro-spun acetone-soluble lignin fibres thermo-stabilised in: nitrogen (a-e) and air (f-j) at  
150 to 250 C with a dwell time of one hour. 
180 C 200 C 220 C 250 C
Thermo-stabilised  in air 
at 150 C
Thermo-stabilised in nitrogen 
at 150 C
180 C 200 C 220 C 250 C
(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
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5.6.2 Differential Scanning Calorimetry of Thermo-stabilised Electro-spun 
Acetone-soluble Lignin Fibres  
 
The electro-spun acetone-soluble lignin fibres were characterised using DSC to 
study the effect of the environment (air or nitrogen) and the thermo-stabilisation 
temperature.  The main focus was on determining the Tg of the electro-spun                   
acetone-soluble lignin fibres.  Correlation between the Tg2 read from the second 
heating scan and fibre morphology was investigated as a function of the thermo-
stabilisation conditions.  DSC thermograms of the samples thermo-stabilised in air and 
nitrogen are presented in Figure 5.20 and Figure 5.21, respectively.  The analysed 
values are compiled in Table 5.4.  The DSC trace for the electro-spun acetone-soluble 
lignin fibres that were heated in a vacuum oven at 140 C for six hours is plotted and 
used for comparison, which is labelled as an asterisk (*). 
With reference to Figure 5.20 (a), traces from the first heating scan, the fibres 
showed a broad endothermic peak and a glass transition.  The enthalpy of vaporisation 
obtained from the endothermic peak of the fibres stabilised at below 220 C was                    
approximately 5-10 Jg-1.  A significant increase in the enthalpy to about 42 Jg-1 was 
noticed for the fibres stabilised at 250 C.  The Tg1 from the first heating scan was 
found to be in the range 153-158 C.  
Figure 5.20 (b) shows a clear Tg2 in the second heating scan, Tg2 of the fibres 
thermo-stabilised in nitrogen increased slightly as compared to the fibres heated in                
the vacuum oven.  Tg2 increased to 163C from 151 C.  Considering the Tg2 of               
the fibres in thermo-stabilised in nitrogen, the thermo-stabilisation temperature and 
corresponding Tg2 were expressed as a set of values: (150 C, Tg2 = 159.3 C);                       
(180 C, Tg2 = 157.4 C); (200 C, Tg2 = 158.9 C); and (220 C, Tg2 = 163.8 C).  As 
can be seen, the Tg values become lower than the thermo-stabilised temperature when 
the thermo-stabilised temperature is 180 C.  This can explain the fibres fusion 
reported previously in Figure 5.19 (a-e) where the fibres fusion is seen at 180 C, and 





Figure 5.20 DSC thermograms of lignin fibres thermo-stabilised in nitrogen (a) first 
heating scan and (b) second heating scan. (*) DSC traces of the electro-spun 
acetone-soluble lignin fibres heated in a vacuum oven at 140 C for six hours. 


























































Figure 5.21 DSC thermograms for electro-spun acetone-soluble lignin fibres thermo-
stabilised in nitrogen: (a) first heating scan and (b) second heating scan. (*) DSC 
traces for the electro-spun acetone-soluble lignin fibres heated in a vacuum oven           
at 140 C for six hours.
(a)

























































Table 5.4 Compiled DSC results for thermo-stabilised samples.  
Samples Temperature 
First heating scan Second 
heating 
scan Endothermic peak  
Onset (C) Peak (C) Endset (C) Enthalpy (Jg-1) Tg1 (C) Tg2 (C) 
Electro-spun acetone-soluble 
lignin fibres heated in a vacuum 
oven  
140 ∘C 39.5 62.5 86.9 4.8 N/A 150.7 
Thermo-stabilisation of electro-
spun acetone-soluble lignin fibres 
in nitrogen 
150∘C 33.5 59.7 85.3 11.4 158.1 159.3 
180∘C N/A N/A N/A N/A 155.5 157.4 
200∘C 26.5 74.3 124.1 10.2 153.0 158.9 
220∘C 39.2 72.5 104.9 6.4 157.3 163.6 
250∘C 27.5 74.3 113.6 42.5 N/A N/A 
Thermo-stabilisation of electro-
spun acetone-soluble lignin fibres 
in air 
150∘C 25.4 63.2 96.8 8.4 168.3 173.8 
180∘C 33.3 65.5 95.6 33.3 202.5 205.1 
200∘C 34.9 72.5 109.2 42.6 N/A N/A 
220∘C 34.2 67.5 100.8 61.4 N/A N/A 
250∘C 33.6 73.7 114.6 124.4 N/A N/A 
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With reference to Figure 5.21 (a) and the compiled data in Table 5.4, the first heating 
scans of the electro-spun fibres thermo-stabilised in air show a broad endothermic 
peak and the enthalpy increases as a function of the thermo-stabilisation temperature.  
The enthalpy of the fibres thermo-stabilised at 250 C in air and in nitrogen are        
124.4 Jg-1 and 42.5 Jg-1, respectively.  These endothermic peaks indicate                             
the presence of moisture in the samples.  The higher in enthalpy of the fibres                          
thermo-stabilised in air can be explained by the changes in chemical structure during 
thermo-stabilised in air.  The changes in chemical structure and elemental composition 
will be reported in Sections 5.6.3 and 5.6.4. 
Figure 5.21 (b) shows a clear Tg2 in the second heating scan.  The Tg2 for the fibres 
thermo-stabilised in air increase significantly compared to the fibres heated in                         
the vacuum oven.  The T g2 increased from 150.7 C to 205.1 C when the sample was 
thermo-stabilised at 180 C.  Tg2 could not be observed within the measurement range 
of 250 C when the fibres were thermo-stabilised in air at above 200 C.  Increased Tg 
for lignin after oxidative thermo-stabilisation has been reported in the literature 
[134,217,218].  With reference to the morphology of electro-spun fibres thermo-
stabilised in air presented in Figure 5.19 (f-j), it is seen that the fibres can retain their 
structure.  The retaining fibre structure correlate well with their Tg.  If the Tg is higher 
than the thermo-stabilisation temperature fibres fusion is prevented.  The factors that 
can give rise to fibres fusion for electro-spinning fibres were discussed previously in 
section 5.5.1. 
 
5.6.3 Fourier Transform Infrared Spectroscopy of Thermo-stabilised 
Electro-spun Acetone-soluble Lignin Fibres  
 
The changes in the functional groups in the electro-spun acetone-soluble lignin 
fibres thermo-stabilised in different environments were investigated using FTIR 
spectroscopy.  The spectra of the samples thermo-stabilised in nitrogen and air are 
shown in Figure 5.22 and Figure 5.23, respectively.  The gas flow rate in each case 
was constant at 50 mlminute-1.  Expanded views of the regions between                               
3,100-2,800 cm-1, 1,900-1,550 cm-1 and 1,400-650 cm-1 are inserted in their parent 
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figures.  FTIR spectra of the electro-spun fibres heated in a vacuum oven at 140 C for 
six hours are included for cross-comparison and it is coded with an asterisk.  
The fibres thermo-stabilised in nitrogen at 150, 180, 200, 220 and 250 C did not 
show any significant changes in their FTIR spectra compared to the fibres heated in 
the vacuum oven, as shown in Figure 5.22.  However, the electro-spun                             
acetone-soluble lignin fibres thermo-stabilised in air showed significant changes.  
With reference to Figure 5.23, the three absorbance bands between                              
2,930-3,000 cm -1 corresponding to C-H stretching [97,265,266] disappear completely 
when the thermo-stabilisation temperature was raised to 250 C.  This suggests                     
the occurrence of demethylation had occurred [13,217,218,222,297].  In addition to the 
disappearance of the C-H stretching, an absorbance band between                                    
1720-1690 cm-1 (C=O stretching) was observed to shift to the left and peak intensity 
increased with a function of temperature.  The increasing C=O absorbance in the fibres                             
thermo-stabilised in air at 220 and 250 °C may be attributable to the formation of 
unconjugated carbonyl, esters, ketone and aldehyde [198,218,220,291].  A decrease 
intensity of C-O absorbance at 1,218, 1,081 and 1,033 cm-1 was found on the fibres 
thermo-stabilised in air at 220 C, and these bands became broader and disappeared 
when the sample was thermo-stabilised in air to 250 C.  The decrease in the C-O 
band can be explained by the cleavage of -O-4’ and -O-4’ bonds [134,217,221,222].  
Moreover, when the temperature was raised to 250 C, a new shoulder at                    
1,850 cm-1 corresponding to anhydride linkage was observed which reported in             
the literature [218].  The formation of aldehyde has also been reported in the literature 
[198,218,291,298]. In the wavelength range 800-1,400 cm-1, no absorbance bands 
were presented.  The peaks at 822 cm-1 and 855 cm-1 are assigned to C-H stretching 
of the G-unit diminished and disappeared when the thermo-stabilisation temperature 
was raised to 220 C.  This indicates a change in molecular structure via cross-linking 
at the C5-position [134,218,221].  Further evidence for the molecular structural 
changes via the increasing aromaticity was observed with the formation of the band at 
750 cm-1.  This is assigned to aromatic out-of-plane bending of C-H bonds [107,291]. 
FTIR spectral results reported in this current work are similar to those for FTIR and 




Figure 5.22 FTIR spectra of lignin thermo-stabilised in nitrogen (50 mlminute-1) at 150, 180, 200, 220 and 250 C. (*)FTIR spectra 














































Figure 5.23 FTIR spectra of lignin thermo-stabilised in air (50 mlminute-1) at 150, 180, 200, 220 and 250 C. (*) FTIR spectra of the 













































5.6.4 X-ray Photoelectron Spectroscopy of Thermo-stabilised Electro-spun 
Acetone-soluble Lignin Fibres  
 
X-ray Photoelectron Spectroscopy (XPS) was used to study the chemical 
composition of oxidised lignin fibre surface.  The formation of carboxyl (C(=O)-OH) and 
ester (O-C=O) groups have been detected on the surface of oxidative                               
thermo-stabilised lignin [134,217].  In the current study, XPS was performed on                       
the surface of electro-spun acetone-soluble lignin fibres that were thermo-stabilised in 
nitrogen and air.  
Figure 5.24 (a and b) shows low-resolution XPS spectra.  Spectra of electro-spun 
acetone-soluble lignin fibres heated in a vacuum oven at 140 C for six hours are 
indicated by an asterisk.  This spectral was used as the benchmark or refernce spectra 
for comparison.  Carbon (C1s) and oxygen (O1s) peak at 284.93 eV and 533.33 eV, 
respectively [217,299,300] are the two major elements found on the fibre surface. 
Sulphur (S2p) at 164.7 eV was also detected.  The compositions of carbon, oxygen 
and sulphur are 79-82, 17-20 and below 1 atomic %, respectively, and the relative 
concentrations of C1s, O1s and S2p as a function of thermo-stabilisation temperature 
is summarised in Table 5.5.  The presence of sulphur is consistent with the results 
from the analysis of the ash discussed in Section 4.4.2.3 and the use of DMSO.  
After thermo-stabilisation in nitrogen, no significant changes could be noticed, 
except for the sample that was processed at 250 C.  An increase in the carbon content 
and a lower of oxygen content was noticed when compared the electro-spun fibres that 
were heated in the vacuum oven.  On the other hand, a significant change could be 
seen in the carbon and oxygen content for the lignin fibres that were thermo-stabilised 
in air. An obvious reduction in the carbon content and an increase oxygen content is 
seen as a function of temperature.  This indicates that air thermo-stabilisation leads to 
the formation of oxygen contain structural unit lignin.  This trend correlates well with 
that reported the literature [134,217,218,220].  The increase in the oxygen content can 




Figure 5.24 XPS spectra of electro-spun acetone-soluble lignin heated in:                       
(a) nitrogen and (b) air. (*) XPS spectra of the electro-spun acetone-soluble lignin 
fibres heated in a vacuum oven at 140 C for six hours. 
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Table 5.5 Carbon, oxygen and sulphur contents for as-spun lignin fibres heated in a 








Ave SD Ave SD Ave SD 
Electro-spun fibres 
heated in vacuum 
oven for six hours 




150 °C 82.34 0.27 17.12 0.26 0.54 0.09 
180 °C 82.02 0.26 17.66 0.25 0.32 0.07 
200 °C 79.30 0.28 20.04 0.28 0.66 0.18 
220 °C 80.57 0.29 19.04 0.28 0.39 0.10 




150 °C 82.73 0.24 16.78 0.23 0.49 0.07 
180 °C 81.62 0.24 17.82 0.23 0.56 0.08 
200 °C 79.92 0.27 19.83 0.26 0.25 0.06 
220 °C 78.46 0.26 21.27 0.25 0.27 0.07 
250 °C 74.94 0.27 24.90 0.26 0.16 0.05 
 
High-resolution XPS spectra of the C1s peak were curve-fitted in order to determine 
the chemical state of carbon on the fibre surface.  Four carbon peaks of C1, C2, C3 
and C4 were fitted and the deconvoluted peaks were correlated to different functional 
groups between carbon and oxygen.  The C-C component of the C1s spectrum of 
carbon (at 285.0 eV) was used to set the binding energy scale.  Shifting of                                 
the deconvoluted bands relative to the C1 at 285.0 eV and functional groups are listed 




Table 5.6 Chemical state of carbons and their binding energy and function groups 
between carbon and oxygen [299,301–303].  
Chemical state Band shifting relative to C1 
(eV) 
Functional groups 
C1 285 C-C, C=C, C-H 
C2 286.4 - 286.6 C-O, C-O-C 
C3 287.7 - 287.9 C=O, O-C-O 
C4 289.0 - 289.4 O-C=O, (C=O)-OH 
 
Figure 5.25 (a and b) shows examples of the deconvoluted peaks of high-resolution 
spectra within the C1s region; other deconvoluted spectra are compiled in Appendix 
D.  Overlaid spectra of electro-spun acetone-soluble lignin fibres thermo-stabilised in 
nitrogen and air within the C1s region are given in Figure 5.26 (a and b). Spectra of 
electro-spun acetone-soluble lignin fibres heated in a vacuum oven at 140 C for                    
six hours are plotted for comparison.  
Regarding Figure 5.26 (a), i.e. the electro-spun acetone-soluble lignin fibres            
thermo-stabilised in nitrogen, obvious change in the spectra was observed when                    
the temperature was raised  to 250 C.  A band at 285 eV (C1) declined, while bands 
at 287.7 eV (C3) and 289 eV (C4) increased. 
Upon thermo-stabilisation in air, as shown in Figure 5.26 (b), a significant increase 
in C4 with a function of temperature was found and C3 disappeared completely at       
250 C.  The presence of the band at C4 corresponds to the formation of carboxyl 
(C(=O)-OH) and ester (O-C=O) groups [134,217,218].  It can be said that                     
thermo-stabilisation in air promotes the formation of oxygen containing bonds with 
carbon including the formation of carboxyl (C(=O)-OH) and ester (O-C=O) groups.  
This result is consistent with the increase in the oxygen content reported in Table 5.5.  
This correlates with the observed increase in the FTIR absorbance between                   




Figure 5.25 XPS spectra of electro-spun acetone-soluble lignin fibres thermo-
stabilised at 250 C in (a) nitrogen and (b) air. XPS spectra of the electro-spun fibres 












































































































































































































































































































Figure 5.26 Overlaid high-resolution XPS spectra of the electro-spun acetone-soluble 
lignin fibres thermo-stabilised in: (a) nitrogen; and (b) air. (*) XPS spectra of                     
the electro-spun fibres heated in a vacuum oven at 140 C for six hours. 
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Figure 5.27 (a and b) shows the relative composition (%) of C1-C4 obtained from 
deconvoluted XPS spectra.  The electro-spun fibres thermo-stabilised in nitrogen have 
no significant changes in C1, C2, C3 and C4 until the temperature is increased to      
250 C.  C4 shows an increase from 1 at% to 7 atomic% and C3 decreases from 18 to 
12 atomic % when stabilised at 250 C as shown in Figure 5.27 (a). 
Regarding the electro-spun fibres thermo-stabilised in air shown in Figure 5.27 (b), 
there is a decrease in C3 and increase in C4 with an increase in                                                      
the thermo-stabilisation temperature.  This could be explained by the oxidation of 
aldehyde (C3) to form ester (C4) as proposed in the literature [13,218]. Furthermore, 
the results from the experiment at 250 C show that the thermo-oxidised fibres 
possessed a lower C2 concentration when compared to those heated in nitrogen.        
The lower C2 concentration under oxidative conditions involves the cleavage of 
interunit linkages such as -O-4’ and -O-4’ [134,217,221,222] and these have low 
bond dissociation energies [222,304].  
In summary, thermo-stabilisation under air or oxidative thermo-stabilisation can 
retain the structure of the electro-spun fibres, as shown in Figure 5.19.  Retaining                  
the fibre structure can be accounted for an increase in the Tg when the fibres are 
thermo-stabilised in air and/or the formation of an oxidised skin on the fibres.  This may 
also be due to cross-linking as evidence in the FTIR spectra at 822 cm-1 and 855 cm-1 
assigned to C-H stretching of the G-unit diminished and disappeared when                              
the thermo-stabilisation temperature was raised to 220 C.  This indicates a change in 
molecular structure via cross-linking at the C5-position [134,218,221].  Under oxidative 
thermo-stabilisation of lignin fibres, a decrease in the intensity of C-O at 1,218 cm-1, 
1,081 cm-1 and 1,033 cm-1 and increase in the intensity of C=O at 1,720-1,690 cm-1 
were found.  The formation of carboxyl (C(=O)-OH) and ester (O-C=O) groups was 
confirmed by XPS.  
In the current work, the electro-spun acetone-soluble lignin were thermo-stabilised 
by heating them from 25-250 C at 0.5 Kminutes-1.  The air flow was maintained at              





Figure 5.27 Relative concentration of C1- C4 under specified thermo-stabilisation 


















































































5.7 Carbonisation of Electro-spun Acetone-soluble Lignin Fibres 
 
After thermo-stabilisation in air, the acetone-soluble electro-spun lignin fibres, were 
carbonised under different conditions.  In this section, a Taguchi design of experiments 
was used to study the effect of carbonisation conditions on the carbonised                      
electro-spun acetone-soluble lignin fibres and to optimise carbonisation process-
parameters.  The parameters investigated are (i) heating rate, (ii) carbonisation 
temperature and (iii) dwell time.  Each parameter was chosen to have three levels as 
indicated in Table 5.7. 
 
Table 5.7 The parameters investigated and their levels for the carbonisation of 








Level 1 2.5 1,000 0 
Level 2 5 1,200 1 
Level 3 10 1,500 3 
 
A L9 orthogonal array representing 33 experiments was selected.  Table 5.8 shows 
the combinations of nine experiments.  The fibre diameters of the carbonised      
electro-spun fibres were measured by Image J software (version 1.52p) and averaged 
over 300 individual measurements.  The effect of each parameter used on                                
the properties of the electro-spun acetone-soluble lignin fibres are discussed in 
Sections 5.7.1 and 5.7.2.  
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Table 5.8 Combination factors of nine experiments and measured fibre diameter of 









Fibre diameter (m) 
Ave. SD 
Exp. 1 2.5 1,000 0 0.569 0.141 
Exp. 2 2.5 1,200 1 0.522 0.153 
Exp. 3 2.5 1,500 3 0.473 0.113 
Exp. 4 5 1,000 1 0.655 0.185 
Exp. 5 5 1,200 3 0.581 0.163 
Exp. 6 5 1,500 0 0.473 0.113 
Exp. 7 10 1,000 3 0.556 0.137 
Exp. 8 10 1,200 0 0.555 0.135 
Exp. 9 10 1,500 1 0.521 0.130 
 
5.7.1 Taguchi Analysis on the Effect of Carbonisation Condition on Fibre 
Diameter 
 
Regarding Table 5.8, the average fibre diameter of the carbonised electro-spun 
acetone-soluble lignin fibres obtained from nine experiments ranges between                        
0.47 - 0.65 m.  Figure 5.28 shows SEM micrographs of the morphology of                               
the electro-spun acetone-soluble lignin fibres carbonised under different conditions.  
The fibres that were heated at 2.5 and 5 Kminute-1 preserved their structure, whereas 




Figure 5.28 SEM micrographs of carbonised electro-spun acetone-soluble lignin fibres. The labels from (a) to (i) represent the fibre 
morphology obtained from experiment 1-9 detailed in Table 5.8.
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The distribution of the measured fibre diameter is shown in Figure 5.29.  From                    
the distribution curve, the fibre diameters are plotted in range from 0.1-1.3 m for                      
cross-comparison.  A noticeable narrow fibre distribution is seen for the fibres 
carbonised at 1,500 C, corresponding to Exp.3, Exp.6 and Exp. 9 in Table 5.8.  
However, in this analysis, the measured fibre diameter and the distribution of fibre 
diameter were considered to be from the combined effects of the three factors.  
Therefore, Taguchi analysis and ANOVA were conducted in order to clarify                               
the contribution each factor.  The ANOVA tables for the fibre diameter and their 
distribution are compiled in Appendix E. 
 
 
Figure 5.29 The distribution of measured fibres diameters from the carbonised lignin 
fibres obtained from nine experiments (see Table 5.8). 
 
Figure 5.30 (a) and (b) show the analysis of the mean values of fibre diameter and 
signal-to-noise ratio (S/N), respectively.  In Figure 5.30 (a), the fibre diameter 
increased to 0.57 m when the heating rate was increased from 2.5 to 5 Kminute-1, 























Exp. 2 Exp. 3
Exp. 4 Exp. 5 Exp. 6
Exp. 7 Exp. 8 Exp. 9
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the ANOVA result showed that there is no statistically significant difference (with 
p<0.05) between the diameters for fibres carbonised at 2.5 and 5 Kminute-1. 
The effect of carbonisation temperature was found to be the dominant factor 
affecting the fibre diameter (with supporting evidence from ANOVA) with a 64.4 % 
contribution.  Regarding the Taguchi analysis, the fibre diameter is reduced when             
the carbonisation temperature is increased.  At 1,500 C, the average diameter of                  
the carbonised fibres is 0.49 m.  Similar reductions in fibre diameter have been 
reported for carbonised lignin fibres [36,184,225].  For instance, the average fibre 
diameter for the electro-spun lignin fibres reduced from 700 nm to 561 nm when                   
the carbonisation temperature increased from 1,000 to 1,400 C [184].  Variations in 
dwell time, from one to three hours did not influence the fibre diameter.  Previous 
studies reported that dwell times increased from three to 10 hours showed a significant 
decrease in fibre diameter [144]. 
 
 
Figure 5.30 Main effect and signal-to-noise ratio plots for the diameters of carbonised 
lignin fibres. 
 
An interaction plot of the controllable factors is shown in Figure 5.31.  The interaction 
plots show that the sample carbonised at 10 Kminute-1 showed that the carbonisation 
temperature and dwell time did not affect the fibre diameter.  Moreover, heating rate 
and dwell time showed a low effect on fibre diameter when the carbonisation 








Figure 5.31 Interaction plots for the fibre diameter of carbonised electro-spun lignin 
fibres. 
 
With regard to Figure 5.29, a narrow distribution for the fibre diameter is noticeable 
on the sample carbonised at 1,500 C.  The same result was reported from the Taguchi 
analysis; increasing the carbonisation temperature narrowed the fibre diameter 
distribution, whilst heating rate and dwell time did not show any clear influence, as 
seen in Figure 5.32. 
 
 
Figure 5.32 Main effect and signal-to-noise ratio plots for the distribution of fibre 





The interaction plots for the distribution of the fibre diameter of carbonised electro-
spun acetone-soluble lignin are presented in Appendix F.  When the fibres were heated 
at 10 Kminute-1, carbonisation temperature and dwell time had no significant effect on 
the distribution of fibre diameter.  When fibres were carbonised at 1,500 C, the heating 
rates and dwell times showed an insignificant effect on the distribution of fibre 
diameter, as compared to those that were carbonised at 1,000 C and 1,200 C.  
Apart from the analysis on fibre diameter and the distribution of fibre diameter,                  
the structure of the carbonised electro-spun acetone-soluble lignin fibres were 
analysed using Raman spectroscopy and this is discussed in the following section. 
 
5.7.2 Taguchi Analysis on the Effect of Carbonisation Condition on 
Graphitic Structure of Lignin Analysed using Raman Spectroscopy 
 
Raman spectroscopy was performed to compare the graphite-like structure formed 
under different carbonisation conditions.  Figure 5.33 shows an example of                             
the deconvolution Raman spectra taken from Experiment 1.  There are two broad 
characteristic bands, D-band and G-band are centred about 1,340 cm-1 and             
1,590 cm-1, respectively [226–228,305,306].  The D-band represents the breathing 
mode of the 6-carbon atom in an aromatic ring and this refers to disordered carbon.  
The G-band is attributed to the  in-plane stretching mode of sp2 carbon, indicating                     





Figure 5.33 Deconvolution of typical Raman spectra for electro-spun acetone-soluble 
lignin fibres carbonised at 1,500 C.   
 
The spectra were deconvoluted using Gaussian and Lorentzian line shapes to 
extract information on the band characteristics such as intensity, width and the area 
under them.  The R2 value of the curve fittings was more than 95%.  With regard to 
amorphous carbon, three sub-bands (DI, DA and D’) are commonly presented 
[103,185,299,300,310–312].  The deconvolution spectra show the three bands at                            
1,100-1,200 cm-1 (DI), 1,450-1,500 cm-1 (DA) and 1,600-1,700 cm-1 (D’).  DI 
corresponds to defects present in a heterogeneous structure caused by the incomplete 
volatilisation of nitrogen or oxygen.  The DA represents amorphous carbon and D’ is 
attributed to vibration of the disordered graphitic lattice [185,311–313]. 
Analysis of the characteristics in the D and G bands such as their peak position, 
intensity ratio of (ID/IG) , full width half max (FWHM) and ratio of the integrated intensity 
(AD/AG) are summarised in Table 5.9.  Taguchi analysis and ANOVA are discussed in 























Table 5.9 The combinations of L9 Taguchi orthogonal array, the results of the analysed data from Raman spectra. 
Expt. 
No. 
D-band position G-band position ID/IG 
FWHM of D-band 
(cm-1) 
FWHM of G-band 
(cm-1) 
AD/AG 
Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD Ave. SD 
Exp.1 1,345.1 1.0 1,589.5 1.0 0.82 0.02 211.7 2.0 103.1 9.9 1.7 0.2 
Exp.2 1,345.8 4.1 1,590.2 2.0 0.86 0.02 171.8 22.1 101.0 1.0 1.5 0.1 
Exp.3 1,345.7 1.8 1,588.8 0.0 1.00 0.09 104.1 0.8 83.5 0.0 1.3 0.1 
Exp.4 1,352.3 2.0 1,590.9 1.0 0.82 0.05 200.7 11.5 107.3 17.9 1.6 0.3 
Exp.5 1,348.0 3.0 1,590.2 0.0 0.86 0.01 169.7 7.0 99.6 3.0 1.5 0.0 
Exp.6 1,340.4 3.5 1,587.3 2.0 1.00 0.01 129.0 16.2 95.4 5.0 1.4 0.1 
Exp.7 1,345.5 6.4 1,589.7 2.6 0.82 0.02 192.3 9.5 123.5 26.7 1.3 0.2 
Exp.8 1,345.1 3.0 1,592.9 0.1 0.86 0.04 209.5 25.2 102.3 5.0 1.8 0.4 
Exp.9 1,346.4 0.8 1,587.4 2.0 0.92 0.13 157.5 56.4 99.6 18.8 1.4 0.1 
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The ratio of the peak height of the deconvoluted D-band and G-band (ID/IG) was 
taken to indicate the degree of order in the structure [36,103,145,184,215,220,229].  A 
lower value of ID/IG represents a higher graphitic structure.  Therefore, a “small is 
better” quality characteristic was set for the Taguchi analysis.  Response values for the 
main effects and S/N ratio are shown in Figure 5.34.  The carbonisation temperature 
was found to be the highest dominant factor. Increasing the carbonised temperature 
increased the ID/IG ratio.  However, the heating rate and dwell time did not show a clear 
effect on the ID/IG ratio.  This was confirmed by ANOVA: the contributions from the of 




Figure 5.34 Main effect and S/N ratio plots for the ID/IG ratio for the carbonised 
electro-spun lignin fibres. 
 
The same statistical analysis with the “small is better” quality characteristic was 
performed on full width at half maximum (FWHM) for the D- and G-bands.  A narrow 
FWHM indicates a homogeneous structure.  Figure 5.35 and Figure 5.36 show                      
the Taguchi analysis for the D and G-bands, where in the analysis includes the mean 
values of and S/N, respectively. 
With reference to the Taguchi analysis shown in Figure 5.35 (a), the lowest 
response mean value of the FWHM D-band was found for the sample carbonised at  




by the analysis of S/N shown in Figure 5.35 (b).  The carbonisation temperature was 
ranked main factor contributing to the FWHM of the D-band with a 75.9% contribution.  
 
 
Figure 5.35 Main effect and S/N ratio plots for the FWHM for the D-band for the 
carbonised electro-spun lignin fibres. 
 
 
Figure 5.36 Main effects and S/N ratio plots for the FWHM for the G-band for the 
carbonised electro-spun lignin fibres. 
 
With reference to Figure 5.36 (a), the carbonisation temperature is the most 
dominant factor contributing a 57.6 % impact effect on the FWHM for the G-band.                   
An increase of carbonisation temperature leads to a decrease in the FWHM of the G-
band. Figure 5.36 (b) shows the outcome of the Taguchi analysis where the best 
condition to obtain the lowest FWHM of the G-band is by using a carbonisation 





From the Taguchi analysis of the FWHM of D and G-bands shown in Figure 5.35 
and Figure 5.36, the carbonised acetone-soluble lignin fibres exhibited                                      
an improvement in the structure with the increase in carbonisation temperature. 
The integrated areas under D and G-bands were denoted as AD and AG, 
respectively. The ratio of AD/AG can be used to measure the degree of graphitisation. 
The “small is better” quality characteristic was conducted on the AD/AG ratio. It was 
confirmed that he degree of graphitisation increased as the AD/AG decreased.                      
The response mean value for the AD/AG ratio and S/N are illustrated in Figure 5.37. 
From the Taguchi analysis and ANOVA, the dwell time is the most influential factor 
that affected the AD/AG ratio contributing 44%, and carbonising for a longer period 
showed a lower AD/AG. The second most influential factor on AD/AG is carbonisation 
temperature. However, this result is different from ID/IG which shows that carbonisation 
temperature is the most influential factor. 
 
 
Figure 5.37 Main effects and S/N ratio plots for the AD/AG ratio for the carbonised 
electro-spun lignin fibres. 
 
Analysis of the interaction plots of all parameters are compiled in Appendix F.  They 
correlate well with the analysis of the mean value.  Carbonisation conditions for            
electro-spun acetone-soluble lignin fibres derived from the Taguchi analysis are 
compiled in Table 5.10.  The suggested condition is considered based on the results 
of the carbonised fibre diameter, the diameter distribution and the graphitic structure.                     




Table 5.10 A summary of the Taguchi analysis for the carbonisation parameters for 









2.5 5.0 10.0 1,000 1,200 1,500 0 1 3 
Fibre diameter ✓     ✓ ✓   
Distribution of fibre diameter ✓     ✓ ✓   
ID/IG   ✓ ✓    ✓  
FWHM of D-band ✓     ✓   ✓ 
FWHM of G-band ✓     ✓   ✓ 
AD/AG ✓     ✓   ✓ 
 
The same conclusion on the dominant effect (carbonisation temperature) was 
reached from the ANOVA analysis. A bar chart showing the percentage contribution of 





Figure 5.38 Percentage contribution of main effect on interested properties. 
 
Regarding the ANOVA for the effects of carbonisation on the carbonised                       
electro-spun acetone-soluble lignin fibres discussed in Sections 5.7.1 and 5.7.2.                                 
The temperature is found to be a dominant key parameter for the properties of 
carbonised fibres.  Validation of the effect of carbonisation temperature on other 
characteristics of the carbonised fibre was also undertaken. 
 
5.7.3 Scanning Electron Microscopy Carbonised Electro-spun                 
Acetone-soluble Lignin Fibres 
 
The effect of carbonisation temperature on the microstructure of the fibres was 
studied using SEM.  The fibres were carbonised at 1,000 C, 1,200 C and 1,500 C 
at 2.5 Kminute-1 with a dwell time of one hour.  The surface and cross-sectional 
morphologies of the carbonised fibres are shown in Figure 5.39.  The fibre diameter 






























































































Figure 5.39 SEM micrographs of the surface morphology and cross-sectional view of electro-spun acetone-soluble lignin fibres. 






Figure 5.40 Average fibre diameter and distribution of electro-spun acetone-soluble 
lignin fibres carbonised at (a) 1,000 C, (b) 1,200 C and (c) 1,500 C. 
 
The average diameter of the carbonised lignin fibres was estimated using a sample 
size of 300 random measurements.  The average diameters of fibres carbonised at 
1,000 C, 1,200 C and 1,500 C are 526  138 nm, 502  124 nm and 501  125 nm, 
respectively.  The fibre diameter decreased as the carbonisation temperature was 
increased from 1,000 C to 1,200 C; increasing the temperature to 1,500 C did not 
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obtained from the Taguchi analysis reporting the fibre diameter continuously 
decreasing with the increase in carbonisation temperature.  However, the predicted 
diameter of the fibres carbonised at 1,500 C (590 nm) is close to the diameter from 
the experimental measurement (501  125 nm).  
 
5.7.4 Raman Spectroscopy Carbonised Electro-spun Acetone-soluble 
Lignin Fibres 
 
Raman spectroscopy was conducted on the electro-spun acetone-soluble lignin 
fibres that were carbonised at 1,000 C, 1,200 C and 1,500 C.  Their spectra are 
illustrated in Figure 5.41. The Raman spectra, all the carbonised electro-spun fibres 
exhibit D-and G-bands centred at about 1,340 cm-1 and 1,590 cm-1.  The details of 
these two bands are described in Section 5.7.2.  The intensity of D and G-bands 
increase when the carbonisation temperature was increase from 1,200 C to 1,500 C.  
This attributes to the formation of graphite-like structure.  However, ID/IG ratio increased 
from 0.82 ± 0.03 to 0.86 ± 0.02 and 1.00 ± 0.08 when the carbonisation temperature 
was increased from 1,000 C to 1,200 C and 1,500 C, respectively.  These represent 
more disordered graphitic structure are formed when increase temperature.                         
The increase of disorder structure of carbonised lignin is ascribed due to irregular and 
complex of lignin structure which inhibit a rearrange into ordered graphitic structure 
[223,312,314].  The ID/IG ratios measured in this study are lower than those reported in 
the literature, which range from 1.2 to 2.5 [144,185,220,312,315].  This means 
carbonised lignin fibres produced from this work have more order graphitic structure 
compared to the values reported in the literature. 
Considering the effect of carbonisation temperature, an increasing carbonisation 
temperature results in an increase of the ID/IG ratio.  A similar rising trend of the ID/IG 
ratio when increasing the carbonisation temperatures has been reported 
[103,146,299,306,312].  On the other hand, copolymer of lignin/PAN [184] and PAN 
[146,316,317] precursors exhibited a decline in the ID/IG ratio when the carbonisation 





Figure 5.41 An overlaid plot of Raman spectra for electro-spun acetone-soluble lignin 
fibres carbonised at 1,000 C, 1,200 C and 1,500 C.  
 
5.7.5 X-ray Photoelectron Spectroscopy of Carbonised Electro-spun 
Acetone-soluble Lignin Fibres 
 
The elemental and chemical composition of the carbonised electro-spun                   
acetone-soluble lignin fibres were determined using XPS.  XPS has previously been 
used to analyse lignin [301–303,318,319], the chemical composition of lignin-derived 
carbon materials [303] and the carbonised lignin fibres [103,217,224,299].  The XPS 
survey spectra of the electro-spun fibres carbonised at 1,000 C, 1,200 C and 1,500 
C are presented in Figure 5.42.   
 






















Figure 5.42 XPS spectra of carbonised electro-spun acetone-soluble lignin fibres 
which are carbonised at 1,000 C, 1,200 C and 1,500 C.  
 
The carbonised fibres exhibits two peaks, which are seen at 532.46 eV and            
284.96 eV representing carbon and oxygen, respectively [217,224,303,319,320].  The 
intensity of the peak at 284.96 eV was higher than that of the peak at 532.46 eV, it is 
because the content of carbon is much higher than that of oxygen. The composition of 
the two elementals in the carbonised electro-spun acetone-soluble lignin fibres is 
summarised in Table 5.11.  The carbonised fibres show carbon content greater 90 
atomic % and it increases with temperature increase.  The carbon content of 
carbonised electro-spun acetone-soluble lignin fibres reported in this work is 
comparable to that reported in the literature [103,224,321].  It has been reported that 
carbon content is higher than 90 atomic % when the lignin precursor is carbonised at 
temperatures over 800 C [103,321–324] and that the carbon content increased with 




Table 5.11 Carbon and oxygen contents in the electro-spun acetone-soluble lignin 
fibres carbonised at 1,000 C, 1,200 C and 1,500 C. 




1,000 C 90.52 9.48 
1,200 C 94.29 5.71 
1,500 C 94.07 5.93 
 
5.8 Production of Aligned Electro-spun Acetone-soluble Lignin Fibres and 
their Properties  
 
In this work, the electro-spinning of acetone-soluble lignin without a polymer blend 
was demonstrated.  A pair of parallel-edge, ground electrodes was used to align lignin 
fibres.  Graphite was used as the ground electrode material and a schematic illustration 
is presented in Figure 3.8 (d), Chapter 3. 
Using the unmodified parallel-plated graphite ground electrode, the fibres were 
deposited preferentially on the top of the ground electrode and only a few fibres were 
aligned perpendicular to the parallel electrodes shown in Figure 5.43 (a).  On the other 
hand, using the modified parallel-plate graphite ground electrode, the fibres were 





Figure 5.43 Photographs of electro-spun acetone-soluble lignin fibres collected on: 
(a) an unmodified parallel-plated graphite ground electrode and (b) modified              
parallel-plate graphite ground electrode. The ruler is in centimetre scale.  
 
The morphology of the aligned electro-spun fibres obtained from the modified-
graphite collector are shown in Figure 5.44.  In Figure 5.44 (a), at a low magnification, 
it is seen that the fibres are aligned on the top layer whilst misaligned fibres can be 
observed clearly at the bottom layer, as indicated by the higher magnification and 
shown in Figure 5.44 (b).  The misalignment is probably due to the whipping action as 
the electro-spinning jet oscillates between the ground electrodes.  The average fibre 
diameter of the as-spun fibre was 1.48  0.23 m. The cross-sectional views of             







Figure 5.44 SEM micrographs of aligned electro-spun acetone-soluble lignin fibres: 
fibre surface morphology ((a) and (b)) and cross-sectional view ((c) and (d)). 
 
The electro-spun acetone-soluble lignin fibres were produced using the optimised 
heating, thermo-stabilisation and carbonisation processes that were discussed in 
Sections 5.5, 5.6 and 5.7, respectively.  The aligned fibres were heated in a vacuum 
oven at 140 C for six hours.  This was followed by oxidative thermo-stabilisation in           
a tube furnace where the fibres were heated at 0.5 Kminutes-1 in air from room 
temperature to 250 C with one-hour dwells at 100 C, 150 C and 250 C.  The thermo-
stabilised fibres were carbonised at 1,000 C, 1,200 C and 1,500 C for one hour at 




Figure 5.45 shows SEM micrographs of the aligned lignin fibres carbonised at         
1,000, 1,200 and 1,500 C.  The presence of misaligned fibres is probably due to           
the alignment being disturbed during transportation and sample preparation.  The fibre 
diameters and their distributions of the carbonised fibres are shown in Figure 5.46.  
The average fibre diameter was calculated from 50 measurements. The diameters of 
fibres carbonised at 1,000 C, 1,200 C and 1,500 C were 639 ± 93 nm, 550 ± 74 nm 
and 547 ± 94 nm, respectively.  This represents a reduction of 57%, 63% and 63%, 
respectively from the electro-spun acetone-soluble fibres.  
 
 
Figure 5.45 SEM micrographs of aligned electro-spun fibres carbonised at: (a) 1,000 








Figure 5.46 Fibre diameter and distribution of fibre diameter of as-spun aligned fibres 




• The electrospinning of 100% softwood Kraft lignin was demonstrated 
successfully. 53 wt% of acetone-soluble lignin was dissolved in a binary solvent of 
acetone and DMSO.  The viscosity and conductivity of the lignin solution are                           
0.43  0.01 Pas and 2.37  0.02 Scm-1, respectively.  Electro-spun lignin fibres with 
a diameter of 1.16  0.21 m were produced.  Lignin fibres were void-free and had a 
circular cross-section and smooth surface.  
• After electro-spinning, the solvent retained in the fibres was reduced by heating 
in a vacuum oven at 140 C for six hours.  Increasing temperature to 180 C and                    
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• Thermo-stabilisation was carried out in air.  The air flow rate was kept constant 
at 50 mlminute-1 with a heating rate of 0.5 Cminute-1.  The temperature was ramped 
from ambient to 100 C, 150 C and 250 C with a dwell time of one hour in each 
temperature.  It was established that thermo-stabilisation in air can retain the circular 
cross-sectional of fibre.  However, thermo-stabilisation in nitrogen lead fibre fusion.  
Retaining of fibre structure can be linked to changes in the chemical structure of lignin 
and it was verified by FTIR spectroscopy and XPS.  From the FTIR results, carbonyl 
(C=O) bonds and the formation of aromatic out-of-plane bending of C-H were detected 
in the fibres stabilised in air.  From XPS, in the sample thermo-stabilised in air, the C2 
carbon (C-O-C, O-C) decreased, which involved demethylation and cleavage of 
interunit linkages of -O-4’ and -O-4’. Increased C4 carbon (C(=O)-OH, O-C=O) was 
observed, revealing the auto-oxidation of aldehyde or ketone and formation of 
carboxylic acid (C(=O)-OH) and ester (O-C=O) from FTIR spectroscopy. 
• Taguchi design of experiments and ANOVA were carried out to determine the 
main effect of the carbonisation condition on electro-spun acetone-soluble lignin fibres. 
From the Taguchi analysis, the carbonisation temperature is the dominant factor 
influencing the formation of graphite-like structures, which contributes over 50% of all 
factors.  
• Carbonised fibres from the electro-spun acetone-soluble lignin precursor were 
produced where the average diameter was between 500-530 nm.  The carbonised 
fibres showed a carbon content of over 90 at%.  
• Aligned lignin fibres were produced successfully by using a modified-graphite 
collector.  The diameter of aligned fibres was 1.48  0.23 m where circular cross-
section with a smooth surface.  Based on semi-inspection, the fibres were void-free.  
• Acetone-soluble lignin with a processing aid (vanillin; PEG) shows a drop in Tg. 
Electro-spun fibres from lignin with vanillin and PEG possessed a smaller fibre 
diameter and narrower distribution of diameter as compared to lignin without 
processing aid.  After carbonisation at 1,500 C, carbon fibre production with                       
450-550 nm fibre diameter was established.  These results are presented in Appendix 
G.  
• A flowchart for the production of carbonised lignin fibres from electro-spun 





Figure 5.47 Illustration of the procedure for the production of carbon fibres from 
electro-spun acetone-soluble lignin fibres.  
Acetone-soluble lignin
Preparation of acetone-soluble lignin solution
• 53 wt% of acetone-soluble lignin dissolved in a  2/1 volume ratio of acetone and DMSO. 
Electro-spinning of acetone-soluble lignin
• Positive charge connected to tip needle and grounded on collector.
• Inner bore diameter of 0.254 mm.
• 12 cm distance between tip needle and collector. 
• Solution feed rate of 0.1 lminute-1.
• Temperature of spinning chamber of 30-35 C.
Heating of electro-spun acetone-soluble lignin fibres to remove retained solvents 
• Heating in a vacuum oven at 140 C for six hours.
Thermo-stabilisation of electro-spun acetone-soluble lignin fibres
• Air flow rate of 50 mlminute-1.
• Heat rate of 0.5 Cminute-1.
• Temperature ramping from room temperature to 100 C, 150 C and 250 C, and dwell 
time of 1 hour at each temperature.
Carbonisation of electro-spun acetone-soluble lignin fibres
• Carbonisation in nitrogen flow of 50 mlminute-1.
• Heat rate of 5 Cminute-1 and dwell time of 1 hour.
Carbon fibres from acetone-soluble lignin
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6. CONCLUSION AND RECCOMENDATION FOR FUTURE 
RESEARCH 
 
6.1 Conclusion and Contribution to Knowledge 
 
The aim of this research was to utilise softwood Kraft lignin as a bio-based 
precursor for the production of carbonised lignin fibres.  A novel approach for electro-
spinning of acetone-soluble softwood Kraft lignin, without polymer blending and/or 
chemical modification, was established for the first time in this current work.  
An effective method of removing inorganic content from as-received lignin 
(BioChoicelignin) was demonstrated.  This method involved the fractionation of lignin 
with acetone.  Fractionated lignin (acetone-soluble lignin) showed an inorganic content 
of 0.055 ± 0.021% with a fractionation yield of 57.4 ± 0.6%. 
Acetone-soluble lignin was electro-spun successfully without polymer blending.  A 
combination of acetone and dimethyl sulfoxide was used for electro-spinning.  Bead-
free electro-spun acetone-soluble lignin fibres with a near circular cross-section  were 
demonstrated for the first time in this work. With reference to the experimental 
conditions and laboratory environment, a 53 wt% of acetone-soluble lignin in a binary 
solvent of 2/1 volume ratio of acetone and DMSO was found to be the optimal 
concentration for electro-spinning.  An operating voltage of 12 kV was applied between 
the capillary needle and the grounded electrode.  The distance between the tip of the 
needle and the ground plate was kept at 20 cm.  During electro-spinning, the 
temperature within the chamber was maintained between 30 and 35 °C.  The collected 
electro-spun fibres had an average diameter of 1.16  0.21 m. Sequential procedures 
for producing carbonised lignin fibres including removing residuals solvent from the as-
electro-spun fibres, thermo-stabilisation and carbonisation were investigated in detail. 
The electro-spun fibres made from acetone-soluble lignin were heated in a vacuum 
oven at 140 C for six hours prior to thermo-stabilisation in air using a flow rate of 50 
mlminute-1 with a heating rate of 0.5 Cminute-1 to 250 C. After carbonisation, 
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carbonised lignin fibres with a near circular cross-section were obtained with diameters 
between 500-530 nm.  
This research also demonstrated production of aligned softwood Kraft lignin fibres 
via electro-spinning using a novel custom-made grounded electrode collector. The 
grounded electrode improved degree of fibre alignment of the electro-spun lignin fibres 
and they could heat-treated without removing them from the collector.  
 
6.2 Other Research Outcomes 
 
Acetone-soluble lignin was also electro-spun successfully with processing aids 
such as vanillin and PEG. Electro-spun fibres of acetone-soluble lignin with the 
processing aids displayed a smaller fibre diameter with narrow distribution when 
compared to lignin fibres produced without the processing aids. 
 
6.3 Recommendation for Future Research 
 
Further characterisations of carbonised electro-spun acetone-soluble lignin fibres 
such as mechanical properties, electrical conductivity and surface area will be useful 
data for the application of the lignin-derived carbon fibres.  
Acetone-insoluble lignin was produced from the molecular weight fraction using 
acetone.  It was not used in this current work due to lack of time.  After treatment with 
pH 2 acidified water, its ash content was reduced from to 2.395 ± 0.034 % to                         
0.358 ± 0.016 %. It could be blended with polymer blend such as cellulose acetate or 

















Appendix A: Alternative Solvent for Electro-spinning of Lignin. 
Table A.1 A compilation of solvents that are enable for electro-spinning of lignin. 
Solvents Toxicity 






D P H 
Dimethyl sulfoxide Not a hazardous 
substance or 
mixture 
18.4 16.4 10.2 189 52.9 
Dimethyl formamide 
 
17.4 13.7 11.3 153 46.9 
Dipropylene glycol Not a hazardous 
substance or 
mixture 
16.5 10.6 17.7 230 61.2 
Diethylene glycol 
  
16.6 12.0 20.7 245 66.5 
Triethylene glycol Not a hazardous 
substance or 
mixture 
16.0 12.5 18.6 285 60.5 
Ethylene glycol 
monomethyl ether  
16.2 9.2 16.4 124 45.2 
Propylene glycol Not a hazardous 
substance or 
mixture 
16.8 9.4 23.3 188 67 
Ethanol 
 
15.8 8.8 19.4 78 42.3 
Propylene glycol 
monophenyl ether  
16.2 7.8 12.6 243  
Ethylene glycol 
  
17.0 11.0 26.0 250 65 
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Appendix B: Surface Roughness of Electro-spun Acetone-soluble Lignin Fibres 
 
Figure A.1 (a) shows the surface topography obtained from atomic force microscopy 
(AFM). The average surface roughness (Ra) of the fibres was measured using                  
three-line scans over 8 m length as shown in Figure A.1 (b and c). The average 
surface roughness is 0.93  0.19 nm.  
 
 
Figure A.1 AFM-based surface analysis of electro-spun acetone-soluble lignin fibres: 
(a) surface topography; (b) surface roughness measurement area; and (c) line profile 
of the surface roughness measurement. 
 
Surface roughness of the carbonised fibres was measured using an AFM.  Figure 
A.2 illustrates the AFM analysis including the 3-D image, surface morphology and              
the measurement of surface roughness of the electro-spun acetone-soluble lignin 
carbonised at 1,000 C, 1,200 C and 1,500 C.  After carbonisation, all the carbonised 
fibres showed a higher surface roughness compared to the surface roughness of                   
as-spun fibres (0.93  0.19 nm), as shown in Figure A.1.  The average roughness of 









Figure A.2 AFM results of carbonised electro-spun acetone-soluble lignin fibres which are carbonised at: (a) 1,000 C, (b) 1,200 C 












Ra = 1.15  0.05 nm 
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The surface roughness of the aligned electro-spun acetone-soluble lignin fibres and 
the carbonised fibres were characterised within a scanned square area of 0.25 m x 
0.25 m. All the carbonised fibres possess a rougher surface than the electro-spun 
fibres. Figure A.3 presents the surface roughness of aligned carbonised electro-spun 
fibres, in the range of 2.8-5.0 nm. 
 
 
Figure A.3 Surface topography and roughness measurements of aligned electro-
spun acetone-soluble lignin for: (a) electro-spun fibres, and the fibres carbonised at 
(b) 1,000 C, (c) 1,200 C and (d) 1,500 C.
(a) Ra = 2.39 nm 
(b)
Ra = 4.95 nm 
(c) Ra = 2.81 nm 
(d) Ra = 4.74 nm 
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Figure A.4 Overlaid FTIR spectra of the electro-spun acetone-soluble lignin fibres 
heated in a vacuum oven. 
 
Figure A.5 Overlaid FTIR spectra of the electro-spun acetone-soluble lignin fibres 




Figure A.6 Overlaid FTIR spectra of the electro-spun acetone-soluble lignin fibres 
heated in nitrogen 
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Appendix D: Deconvolution Curve Fitting for XPS spectra.  
 
Figure A.7 High-resolution C1s of XPS spectra; spectra of the electro-spun acetone-
soluble lignin fibres thermo-stabilised in air at: (a) 150 C; (b) 180 C; (c) 200; (d) 220 







Figure A.8 High-resolution C1s of XPS spectra; spectra of the electro-spun acetone-
soluble lignin fibres thermo-stabilised in nitrogen at: (a) 150 C; (b) 180 C;                       








Appendix E: Response table of Analysis of Varian (ANOVA) 
Table A.2 Analysis of Variance for fibre diameter 
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 0.003485 0.001742 0.98 0.506 13.65 
  Temperature 2 0.016461 0.008231 4.62 0.178 64.46 
  Dwell time 2 0.002024 0.001012 0.57 0.638 7.93 
Error 2 0.003566 0.001783       13.96 
Total 8 0.025536          100 
 
Table A.3 Analysis of Variance for distribution of fibre diameter  
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 0.000709 0.000354 3.26 0.235 16.39 
  Temperature 2 0.002317 0.001159 10.65 0.086 53.57 
  Dwell time 2 0.001082 0.000541 4.98 0.167 25.02 
Error 2 0.000217 0.000109       5.02 
Total 8 0.004325          100.00 
 
Table A.4 Analysis of Variance for ID/IG 
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 0.001504 0.000752 0.92 0.52 3.51 
  Temperature 2 0.038458 0.019229 23.56 0.041 89.64 
  Holding time 2 0.001309 0.000655 0.8 0.555 3.05 
Error 2 0.001633 0.000816       3.81 
Total 8 0.042903          100.00 
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Table A.5 Analysis of Variance for FWHM of D-band 
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 987.3 493.7 2.83 0.261 9.07 
  Temperature 2 8266.7 4133.3 23.69 0.04 75.94 
  Holding time 2 1282.4 641.2 3.68 0.214 11.78 
Error 2 348.9 174.5       3.21 
Total 8 10885.3          100.00 
 
Table A.6 Analysis of Variance for FWHM of G band 
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 243.346 121.673 1.97 0.337 27.39 
  Temperature 2 512.116 256.058 4.15 0.194 57.64 
  Holding time 2 9.438 4.719 0.08 0.929 1.06 
Error 2 123.528 61.764       13.90 
Total 8 888.428          100.00 
 
Table A.7 Analysis of Variance for AD/AG 
Source DF Adj SS Adj MS F-Value P-Value 
% 
contribution 
  Heating rate 2 0.002413 0.001207 0.05 0.951 1.00 
  Temperature 2 0.086115 0.043057 1.86 0.35 35.57 
  Holding time 2 0.10723 0.053615 2.31 0.302 44.29 
Error 2 0.046351 0.023175       19.14 




Appendix F: Interaction Plot of Carbonisation Parameters 
 
 
Figure A.9 Interaction effect plot for ID/IG ratio of carbonised electro-spun acetone-
soluble lignin fibres. 
 
 
Figure A.10 Interaction effect plot for FWHM of D band of carbonised electro-spun 





Figure A.11 Interaction effect plot for FWHM of G band of carbonised electro-spun 
acetone-soluble lignin fibres. 
 
 
Figure A.12 Interaction effect plot for AD/AG ratio of carbonised electro-spun acetone-





Appendix G: Processing Aid for Electro-spinning of Acetone-soluble Lignin 
 
This section describes the use of vanillin and polyethylene glycol (PEG) as 
processing aids for electro-spinning lignin.  The basis for using additives to lignin was 
discussed by Bouajila et al. [326].  The requirements for the processing aid were stated 
as having to be an aromatic molecule with a structure that is similar to the repeat unit 
of lignin.  This was the basis for the selection of vanillin as the processing aid in                    
the current study.  The Tg of lignin was said to be lowered by 60 C by adding 20 wt% 
of vanillin [326].  PEG was selected as it is the low molecular weight form of 
polyethylene oxide (PEO)  and it is miscible  with lignin [102,138,153].  
The chemical structure of vanillin and PEG are illustrated in Figure A.13. Vanillin 




Figure A.13 Molecular structure of (a) vanillin and (b) polyethylene glycol.  
 
In this work, vanillin was added to acetone-soluble lignin in the range of 0 to 2 grams 
per 100 grams of lignin.  The effect of the processing aid content on the Tg of                 
acetone-soluble lignin and the uniformity of the diameter of the electro-spun fibres was 
investigated. 
DSC was conducted to study the effect of the processing aids on the Tg of acetone-
soluble lignin.  A single Tg is observed clearly in the second and third heating traces. 




and vanillin are miscible.  The Tg of lignin decrease with an increasing concentration 
of vanillin in the blend.  For instance, the Tg is lowered to 133.8 C when two grams of 
vanillin were mixed to 100 grams of acetone-soluble lignin.  
 
 
Figure A.14 Tg from the second and third heating scans of lignin blended with vanillin.  
 
In the case of the PEG-lignin blend, a single Tg was detected due to the good 
miscibility between the two polymer.  Figure A.15 shows a bar chart of Tg for the lignin 
blended with PEG.  At 2.5 phr of PEG, the Tg of lignin drops from 145.8 C to                         






















Figure A.15 Tg from second and third heating scans of lignin/PEG.  
 
Lignin with 2 phr of vanillin and lignin with 2.5 phr PEG were used for                            
electro-spinning.  The viscosity and conductivity of lignin/vanillin are 0.39  0.02 Pas 
and 2.40  0.02 µScm-1, respectively.  The lignin/PEG solutions are 0.38  0.03 Pas 
and 2.38  0.03 µScm-1, respectively.  The viscosity and conductivity of the lignin 
solutions with the processing aid were found to be in a similar range when compared 
to the acetone-soluble lignin solution without the processing aid as reported in Section 
5.3. 
Both lignin/vanillin and lignin/PEG solutions were found to be suitable for electro-
spinning.  The fibre morphology of electro-spun and carbonised fibres from lignin with 
the processing aid are presented in Figure A.16 and Figure A.17.  A noticeable 
difference in fibre diameter distribution between neat lignin and the lignin with the 
processing aids.  
The electro-spun fibre obtained from lignin with vanillin and PEG (see Figure A.18 
and Figure A.19 ) showed a narrower distribution when compared to the lignin without 





















range 0.6-1.4 m and that for lignin/PEG fibres is 0.6-1.6 m, both of which are 
narrower than that of neat lignin (0.6-1.8 m).  
 
 
Figure A.16 SEM micrographs of lignin/vanillin fibres; (a) electro-spun fibres and (b) 
the fibres carbonised at 1,500 C.  
 
 
Figure A.17 SEM micrographs of lignin/PEG fibres; (a) electro-spun fibres and (b) the 
fibres carbonised at1,500 C. 
 
With regard to the lignin/vanillin blended, the average fibres diameter decreased 
from 1,040 nm (the electro-spun fibres) to 530 nm carbonised at 1,500 C.                         





carbonisation at 1,500C was 496 nm.  Moreover, the use of a processing aid can 
assist in improving the smoothness of the fibre surface to 1 nm Ra as shown in Figure 
A.20. 
 
Figure A.18 Fibres diameter and distribution of electro-spun acetone-soluble lignin 
with vanillin. 
 










































































































Figure A.20 Surface topography and surface roughness measurement: (a) electro-spun fibres and (b) carbon fibres derived from 








Ra = 1.31  0.20 nm 
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